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A PERFUSING SOLUTION FOR THE LOBSTER (HOMARUS) HEART 
AND THE EFFECTS OF ITS CONSTITUENT IONS 
ON THE HEART 

By william H. COLE* 

(From the Laboratories of Physiology^ Rutgers University ^ New Brunswick^ New Jersey^ 
and the Mount Desert Island Biological Laboratory ^ Salsbury Cove^ Maine) 

(Received for publication, April 4, 1941) 

INTRODUCTION 

As indicated in the report on a perfusion solution for the crayfish heart 
(Cole, Heifer, and Wiersma, 1939), the inorganic composition of perfusing 
solutions for invertebrate hearts should agree closely with that of the serum 
of the animal used if normal behavior of the heart is to continue. Data have 
been accumulated on the serum of the lobster Homarus americanus (Cole and 
Kazalski, 1939; Parker and Cole, 1940; Cole, 1939-40 and 1941), whi.h demon- 
strate that the concentrations of the common inorganic ions — sodium, potas- 
sium, calcium, magnesium, chloride and sulfate — vary differentially with the 
concentrations of those ions in the environment. Since many of the marine 
invertebrates studied in the laboratory are collected from shore and bay habi- 
tats, the sea water of which varies in inorganic composition from the average 
of open ocean water (Clarke, 1911; Thompson, 1936) parallel analyses of the 
environmental sea water should accompany those of the sera, if physiological 
solutions are to be prepared. To show clearly the differences, ratios of ionic 
concentrations in the serum to those in sea water, referred to total salt con- 
centration of sea water (measured easily by chlorinity or millimoles of chloride 
per liter) may be used (Cole, 1939-40 and 1941). 

The calcium content of lobster serum varies more than that of the other 
ions. It is believed that the variation may be correlated with the time since 
the last molt of the animal, as shown in the crab CaUinectes by Hecht (1914). 
The value for calcium given in Table I is the average of nineteen individual 
sera analyzed during three summers (1938-40). 

RESULTS 

A perfusing solution for the lobster heart made according to preliminary 
analysis of lobster serum, but with an increased total salt concentration to 

* The work r^rted here was done under the sponsorship of the Bureau of Bio- 
logical Research, Rutgers University, and with financial assistance from the Permanent 
Science Fund of the American Academy of Arts and Sciences. The technical assis- 
tance of L. A. Kazal and Barbara Parker is gratefully acknowledged. 
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PERPUSING SOLUTION FOR LOBSTER HEART 


give isotonicity with serum (No. 2, Table I), was satisfactory for normal beating 
of the heart for as long as 26 hours.^ Decreases and increases in the osmotic 
pressure of the solution up to 15 per cent (Nos. 2 a and 2 h) caused no sig- 
nificant changes in the rate or character of the heart beat for several hours. 
Environmental sea water and van’t Hoff’s solution, however, were both unsatis- 
factory for perfusion, since normal rate and amplitude of the heart beat con- 
tinued only a few minutes, even though beating at decreased rate and amplitude 
might go on for 3 hours. Subsequent analyses of lobster serum, showing less 
potassium and calcium, resulted in the preparation of solution 35 containing 
less potassium and calcium, and more magnesium and sulfate, which caused 
decreased rate and amplitude of the beat. Solution 36, with the same amount 
of potassium and calcium as in No. 2, and the same amount of magnesium and 
sulfate as in No. 35, was satisfactory. 

It should be noted that these solutions and the ones used later contained 
only the inorganic salts — sodium chloride, potassium chloride, calcium chloride, 
magnesium chloride, and magnesium sulfate. All organic and the minor in- 
organic constituents of the serum were absent. This may have been why the 
absolute amounts of calcium and potassium had to be increased above the 
amounts in serum. In other words, the missing constituents in inorganic per- 
fusing solutions may be replaceable by increased amounts of potassium and 
calcium. On the other hand, the numbers of potassium and calcium ions per 
one hundred sodium ions in the best perfusing solutions (Nos. 2 and 36), while 
larger than the content of each ion in serum, show lower ratios to each other 
than in the serum. In the latter, the ratio of calcium to potassium per one 
hundred sodium ions is 2.0, while in the solutions it is 1.7. 

Obviously, as for other hearts, critical ratios between the sodium, potassium, 
snd calcium ions in a perfusing solution determine whether or not the lobster 
heart can continue normal beating. In order to determine those ratios and 
the specific effects of each ion, forty-two other solutions were tested. Some 
3f the solutions and their effects are displayed in Table I. 

Solutions of single components all caused arrest of the heart. Systolic 
irrest resulted from potassium chloride within 30 seconds, from urea within 5 
ninutes and from sodium chloride within 5 minutes (solutions 15, 52, and 1). 
Diastolic arrest resulted from magnesium sulfate within 6 seconds, from mag- 
lesium chloride within 15 seconds, from calcium chloride within 30 seconds, 
ind from glucose within 50 seconds (solutions 51, 50, 26, and 53). None of 
hese effects were irreversible, since recovery of the normal beat occurred within 
i fqy mmutes, the order being just the reverse of the order of arrest. 

^ Details of the procedure used in preparing the animals and of testing perfusing 
luids on the hearts in situ ate fully described by Cole and Kazalski (1939) and by 
3ole, Heifer, and Wiersma, (1939). In the former report and in another by Cole 
ind Parker (1940) preliminary results of perfusing the lobster heart are presented. 
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TABLE I 


Compositions and effects of perfusing solutions on the lobster heart; pH 7.3 to 7.5; 
temperature 16.6 to 17.7^C.; rate of perfusion 10 ml. per minute. Solutions efficiently 
buffered by adding 17.57 ml. of 0.5 if boric acid and 0.956 ml. of 0.5 ic NaOH to each liter. 


Solution 

Millimoles per liter 

No. of ions per 
100 Na 

Effects on heart 


Q 

K 

Ca 

Mg 

'SOt 

K 

Ca 

Sea Water — Maine 

BP? 

M 


11.4 

52 

32 

1.86 

2.49 

Normal, 10 min. 

Lobster serum 

472 

454 


18.6 


5.0 

2.05 

4.10 

Not tested 

Van’t Hoff solution 

554 

454 

10.0 

10.0 


17.0 

2.20 

2.20 

Normal, 10 min. 

No. 2 

525 

452 

15.0 

25.0 


4.0 

3.32 

5.53 

Normal, 26 hrs. 

No. 2a 

2 


12.8 

21.0 

6.8 

3.4 

3.33 

5.47 

Normal, 20 hrs. 

No. 2b 



17.3 

28.7 

9.2 

4.6 

3.32 

5.51 

Normal, 19 hrs. 

No. 36 

533 

456 

IS.O 

25.0 

IK 

6.0 

3.29 

5.48 

Normal, 26 hrs. 

No. 37 

533 

462 

9.0 

25.0 

inQ 

6.0 

1.95 

5.41 

Normal, 20 hrs. 

No. 38 

528 

461 

15.0 

20.0 


6.0 

3.25 

4.34 

Normal, 22 hrs. 

No. 6 

525 

452 

15.0 

25.0 


0 

3.32 

5.53 

Normal, 3 hrs. 

No. 5 

525 


15.0 

25.0 


0 

3.26 

5.44 

Normal, 2 hrs. 

No. 35 

528 

467 

9.0 


12.0 

6.0 

1.93 

4.28 

Dec. rate and ampl. 

No. 1 

525 

525 

0 



0 

0 

0 

Arrest in sys nle 

No. IS 

525 

0 

525 

0 


0 

— 

0 

Arrest in systole 

No. 26 

526 

0 

0 

263 


0 

0 

— 

Arrest in diastole 

No. 50 

526 

0 

0 


263 

0 

0 

0 

Arrest in diastole 

No. 51 

0 

0 

0 

0 

525 

525 

0 

0 

Arrest in diastole 

No. 52 urea 1 M 

0 

0 

0 

■1 


0 

0 

0 

Arrest in systole 

No. 53 glucose 1 M 

0 

0 

0 

H 


0 

0 

0 

Arrest in diastole 

No. 8 


484 

16.0 

19 


0 

K&HI 

0 

Arrest in systole 

No. 7 

526 

474 

0 



0 

nn 

5.49 

Arrest in systole 

No. 21 


496 

0 


4.0 

0 

EH 

0 

Arrest in systole 

No. 20 

BBj 

492 



8.0 

4.0 

EH 

0 

Arrest in systole 

No. 9a 

520 

0 



KB 

0 


- 1.67 

Arrest in systole 

No. 18a 

530 


Mm 


8.0 

Kir 

0 

5.53 

Arrest in diastole 

No. 16a 

504 



0 

8.0 

4.0 

3.33 

0 

Arrest in S 3 rstole 

No. 41 

533 

467 



12.0 


0.86 

5.35 

Dec. rate and ampl. 

No. 40 

533 

464 

RjR 

25.0 

12.0 

6.0 

1.51 

5.39 

Dec. rate and ampl. 

No. 46 

538 

451 


Km 

12.0 


3.32 

6.65 

Increased rate 

No. 43 

533 



Km 

12.0 

IS 

5.61 

5.61 

Dec. rate and ampl. 

No. 47 

533 

441 


B m 

12.0 


6.80 

5.67 

Inc. tone and rate 

No. 3 


442 


■ jR 

29.0 

10.0 

2,72 

^.85 

Dec. rate and ampl. 

No. 45 

523 


lyR 

B m 

12.0 


3.22 

3.22 

Decreased rate 

No. 44 

518 

471 


Bixt 

12.0 

6.0 

3.18 

2.12 

Dec. rate and ampl. 

No. 48 


342 


19.0 

9.0 

4.5 

3.22 

5.55 

Inc. tone and rate 

No. 49 

M 

m 



15.0 

7.5 

3.33 

5.44 

Decreased rate 

No. 29 LiCl 

525 

LA 

452 



8.0 

4.0 

3.32 

5.53 

Arrest in systole 


Br 









No. 30 NaBr 

525 

452 



8.0 

4.0 

3.32 

5.53 

Dec. rate and ampl. 

No. 31 Nal 

1 

52S 

452 



8.0 

4.0 

3.32 

5.53 

Arrest in diastole 
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Among the binary solutions of salts, considerable differences were found. 
Potassium chloride and calcium chloride (No. 9 a) caused arrest in systole in 
less than 1 minute, indicating the predominating effect of potassium. Solu- 
tions of potassium chloride and magnesium chloride or magnesium sulfate, 
and of cdcium chloride and magnesium chloride or magnesium sulfate were 
similarly effective in causing arrest, the former group in systole and the latter 
in diastole. Sodium chloride and magnesium chloride or magnesium sulfate 
(Nos. 20 and 21) were slightly better than sodium chloride alone, causing arrest 
in S 3 ^tole within 5 minutes. Sodium diloride and potassium chloride (No. 8) 
caused arrest in systole within 10 minutes, while sodium chloride and calcium 
chloride (No. 7) allowed normal beating for 30 minutes. The order of antag- 
onism of sodium was therefore: calcium > potassium > magnesium. Calcium 
and magnesium did not antagonize potassium in the absence of sodium. 

Tertiary and quartenary salt solutions were better than binary solutions 
provided they contained sodium, potassium, and calcium in certain proportions. 
Omission of potassium or sodium caused arrest in diastole (solution 18 o); 
omission of calcium caused arrest in systole (solution 16 a); but omission of 
magnesium or sulfate or both made no difference for as long as 3 hours. 

The critical ratios between the sodium, potassium, and calcium ions were 
determined by a series of solutions in which the number of potassium and 
calcium ions per one hundred sodium ions were varied (solutions 3, 37, 38, 
40, 41, 43-47). The results indicated that at least two potassium ions per one 
hundred sodium ions were necessary for normal behavior of the heart, pro- 
vided there were five edeium ions present; three potassium and five calcium 
ions could be present, but three potassiiun ions were necessary if only four 
calcium ions were present. Within those narrow limits calcium could re- 
place potassium and vice versa, without affecting the heart beat. If calcium 
or potassium were increased or decreased beyond those limits (solutions 35, 
40, 46, and 47), the character of the heart beat was altered. For the crayfish 
(Cole, Heifer and Wiersma, 1939) the limits of the number of potassium and 
calcium ions per one hundred sodium ions w»e found to be from 1.8 and 6.8 
to 2.6 and 6.6 respectively, showing narrower limits for calcium than in the 
lobster. 

Decreasing or increasing the osmotic pressure of the perfusing solution by 
25 per cent, without changing the ionic ratios of sodium, potassium, and cal- 
cium, caused increased tone and rate or decreaised rate respectively (solutions 
48 and 49). Adaptation to the former soon occurred amd beating continued 
for several hours, but there was no adaptation to the latter, which caused ir- 
reversible diastolic arrest. 

Solutions in which lithium replaced sodium, and bromide or iodide rq>laced 
diloride were all unsatisfactory, but in different degrees (solutions 29-31). 
Iodide caused quick arrest in diastole, lithium caused increased rate and tone 
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followed by arrest in systole within 6 minutes, while bromide allowed normal 
beating for about 12 minutes, followed by decreased rate and amplitude, and 
by arrest in diastole within 30 minutes. Lithium chloride behaves like sodium 
and potassium chlorides in causing s}rstolic arrest. The bromide and iodide 
ions, however, show a marked difference from the chloride ion, since their 
sodium salts cause diastolic instead of systolic arrest. 

In the earlier experiments the pH of the solutions was adjusted to that 
of the serum (7.4 3b 0.1) by adding small amounts of 1,0 n sodium hydroxide. 
Var)dng the pH from 7.0 to 8.0 caused no significant changes in frequency, 
tone, or amplitude of the heart beat. At lower or higher values, increases in 
tone and rate accompanied by decreases in amplitude occurred. The buffering 
capacity of such solutions was insuflicient to maintain a pH of 7.4 in the peri- 
cardial chamber for more than about 4 hours of perfusion. In later experi- 
ments, the solutions were more efficiently buffered by adding 18 ml. of 0,5 m 
boric acid and 1.0 ml. of 0.5 m sodium hydroxide per liter. The pH of peri- 
cardial fluid even after more than 14 hours of perfusion by solution 2 or 36, so 
buffered, remained at 7.4 zb 0.1. No harmful effects of the borate 'on were 
apparent. 

DISCUSSION 

For long continued beating of the lobster heart (20 hours or more) perfused 
in sitUy the perfusing solution must correspond closely with the inorganic 
composition of the serum. Sea water is quite unsatisfactory for perfusion, 
since it contains 540 per cent more sulfate, 477 per cent more magnesium, 39 
per cent less calcium, and 9 per cent less potassium than the serum does. A 
series of synthetic solutions gradually approaching the inorganic composition 
of the serum were proved to be increasingly satisfactory. Although hearts will 
beat for several hours on solutions not containing magnesium and sulfate, they 
will beat much longer (20 hours or more) if those ions are present. Sodium, 
potassium, calcium, magnesium, sulfate, and chloride ions are all necessary 
for prolonged normal beating; the critical number of ions being 100, 3, 5, 2-3, 
1-2, and 116 respectively. It is not surprising, therefore, that perfusing solu- 
tions used by Hogben (1925) for Homarus vulgaris^ and by Zoond and Slome 
(1928) for Palinurus lalandii, allowed normal beatiiii^ for only 3 to 4 ho'^rs. 
For short periods of normal beating the lobster heart will tolerate improperly 
balanced solutions, but sooner or later the frequency, tone, or amplitude will 
be altered. Lithium cannot replace sodium; neither can iodide or bromide 
replace chloride. 

Variations in the osmotic pressure of properly balanced solutions up to 15 
per cent cause no significant change in the beat, although smaller variations 
will cause changes if the ionic ratios are not correct. 

All of the results on perfusing the lobster heart agree qualitatively with 
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those on the crayfish heart (Cole, Heifer, and Wiersma, 1939), although the 
former is quantitatively less sensitive to variations in osmotic pressure, in 
potassium and in calcium content, but more sensitive to variations in pH than 
the crayfish heart. These differences may be associated with the differences 
between sea water and fresh water. The former has a more nearly constant 
pH, a larger potassium and calcium content than fresh water, but a more 
variable osmotic pressure, since bay and estuary waters may contain from 275 
to 500 millimoles of chloride per liter. 

SUMMARY 

1. An inorganic perfusing solution for the heart of the lobster Homarus 
americanusy to allow prolonged normal beating (20 hours or more) must agree 
closely with the inorganic composition of the serum, which varies differentially 
with that of the environmental sea water. 

2. All of the chief inorganic ions of the serum are necessary — Na, K, Ca, 
Mg, Cl, and SO 4 ; the critical numbers of the ions being 100, 3, 5, 2-3, 116, and 
1-2 respectively. Absence of Mg and SO 4 will be tolerated for several hours. 

3. The pH of the solution must agree with that of the serum within 0.2. 

4. The osmotic pressure of the solution must agree with that of the serum 
within 15 per cent. 

5. Beating of the heart will continue for several hours on improperly balanced 
solutions but changes in frequency, tone, or amplitude will occur. Hearts 
adapted to such solutions will show different responses to physical and chemical 
stimuli of the solution than those perfused on properly balanced solutions. 

6. Arrest in S 5 rstole is caused by isotonic NaCl, KCl, LiCl, and urea, and 
arrest in diastole by isotonic CaCh, MgCh, NaBr, Nal, MgS04, and glucose. 

7. Lithium cannot replace sodium; neither can bromide or iodide replace 
chloride ions. 
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I 

In preceding communications^' * we were led to the conclusion that the elec- 
trochemical activity of collodion membranes, as manifested by concentration 
potentials, etc., is due principally to acidic impurities. Accordingly, different 
brands of collodion differ widely as to their activity, the purer brands being 
less active. The impure (but active) foreign brands of collodion, hei 'tofore 
generally used by workers in the field of electrochemical membrane investiga- 
tion, are no longer obtainable. In order to continue our investigation, it 
became necessary to find methods to produce active collodion membranes at will. 

The idea of inducing changes in the electrochemical characteristics of mem- 
branes is not entirely new. Many investigators have activated membranes 
by the adsorption of proteins, e.g. the proteinized membranes of Loeb.* Other 
investigators use other organic compounds, usually dyestuffs. These may be 
adsorbed like proteins or they may be dissolved in the collodion solution^ pre- 
vious to casting the membranes. Such membranes are interesting and useful 
in their own right, but are not altogether satisfactory substitutes for active 
collodion membranes. They very often show considerable asymmetry; more- 
over,- the dyestuffs so far employed (according to the literature) are slowly re - 
leased into the solution in contact with the membrane, whereby the character 
of the membrane is considerably changed. Meyer and Sievers* used an oxida- 
tion method to activate a cellophane membrane. Oxidation obviously in- 
creases the number of dissociable groups (carboxyl gr'>ups) in the membrane. 
As far as we know, this particular point was not studied further by these inves- 

^ SoUner, K., and Abrams, I., J. Gen. Physiol., 1940, 24, 1. 

* SoBner, K., Abrams, I., and Carr, C. W., J. Gen. Physiol., 1941, 24, 467. 

» Loeb, J., J. Gen. Physiol., 1919-20, 2, 577, and many subsequent papers in the 
same Journal. 

^Mond, R., and Hoffman, F., Arch. ges. Physiol, 1928, 220, 194; Harkewitsch, 
N. K., KoUoii-Z., 1929, 47, 101. 

* Meyer, K. H., and Sievets, J.-F., Helv. CMm. Acta, 1936, 19, 665. 
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tigators. Recently, Sollner and Abrams^ have reported in a prdiminary paper 
that the oxidation method can successfully be applied to collodion membranes. 

At present we are interested primarily in having available collodion prepara- 
tions which yield membranes capable of reproducing at least the effects (con- 
centration potentials,* anomalous osmosis,^ etc.) described by previous 
authors. Moreover, artificial activation of collodion membranes may provide 
a means of correlating certain empirical data with some more recent theoretical 
considerations concerning the problem of electrodiemical membrane behavior 
(Meyer and Sievers,® Teorell*). According to these authors and our own ex- 
perimental results, the factor determining the electrochemical activity of 
membranes is — ceteris paribus — the number of ionizable groups fixed immovably 
to the collodion per unit area; t.e., the potential charge density of the collodion- 
water interface. This charge density is obviously identical with the base ex- 
change capacity of the interfaces. Since this particular phase of the membrane 
problem has not been adequately developed, we plan to discuss it in a separate 
paper. The present conununication deals with the technique of preparing 
activated membranes by the oxidation method and with a description of the 
characteristics of such membranes. 


n 

The oxidation method can be used in several ways to obtain active collodion 
membranes. Three possibilities are easily seen: (1) the oxidation of mem- 
branes as such, (2) the oxidation of commercial collodion cotton, and (3) the 
oxidation of cellulose before its nitrification. 

The first and second of these methods may be easily applied in the laboratory; 
they 3 deld satisfactory results quite readily. We have not, therefore, attempted 

* MichaeUs, L., and Fujita, A., Biochem, Z., Berlin, 1925, 168, 28; 1925, 161, 47; 
1925, 164, 23; Michaelis, L., and Dokan, S., Biochem, Z., Berlin, 1925, 162, 258; 
Michaelis, L., and Hayashi, K., Biochem, Z., Berlin, 1926, 173, 411; Michaelis, L., 
and Perlzweig, W. A., /. Gen, Physiol,, 1926-27, 10, 575; Michaelis, L., McEllsworth, 
R., and Weech, A. A., J, Gen, Physiol,, 1926-27, 10, 671 ; Michaelis, L., Weech, A. A., 
and Yamatori, A., J, Gen, Physiol,, 1926-27, 10, 685; Michaelis, L., BuU, Nat, Re- 
search Council, No, 69, 1929, 119; Kolloid-Z,, 1933, 62, 2, and other publications. 

’^Loeb, J., J, Gen. Physiol,, 1918-19, 1, 717; 1919-20, 2, 173, 255, 387, 563, 577, 
659, 673; and many other papers in the succeeding volumes of the same Journal-, 
Bartell, F. £., and Madison, O. £., /. Physic, Chem., 1920, 24, 444; Bartell, F. £., 
and Carpenter, D. C., J, Physic, Chem., 1923, 27, 101, 252, 346; Bartell, F. £., Mem- 
brane potentiids and their relation to anomalous osmosis, in Mathews, J. H., Colloid 
symposium monograph. Department of Chemistry, University of Wisconsin, Madison, 
1923, 1, 120; and many other publications; Preuner, G., and Roder, O., Z. Elektro- 
chem., 1923, 29, 54; Girard, P., Compt. rend. Acad, sc,, 1908, 146, 927. 

® M^er, K. H., and Sievers, J.-F., Helv. Chim Acta, 1936, 19, 649, 665. 

® Teorell, R., Proc. Soc. Exp. Biot, and Med,, 1935, 88, 282. 
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the third possibility-~oxidation of cdlulose with subsequent esterification to 
nitrocellulose, as such a procedure would be much less convenient. 

Oxidation of cellulose is always accompanied by some degradation, i.e. 
a lowering of the mean molecular weight, mainly by splitting of the chain 
molecules. The same is undoubtedly true for cellulose derivatives («.g., 
collodion). Too thorough oxidation may easily reduce the molecular weight 
to such an extent that the material involved docs not yield membranes of 
sufficient strength for the intended investigations. 

In oxidizing collodion membranes^ one should be able to find experimental 
conditions under which the mass of the collodion making up^he membrane is 
relatively little affected, whereas its surfaces, outer as well as inner, are rather 
highly oxidized. Since the activity of a membrane is obviously determined 
only by the degree of oxidation at the surfaces, one should be able to produce 
in this way highly active membranes of relatively great mechanical strength. 

If membranes prepared from oxidized btdk collodion are to have an appreci- 
able activity, the oxidation process must be carried much further. For this 
reason, if the oxidized collodion fibres are dissolved, the activated groups 
originally present mainly at (or near) the oxidized surfaces are distributed 
uniformly throughout the mass of the collodion. Therefore, if membranes 
are now cast, the number of activated groups per unit of area in the newly 
formed surfaces is much smaller than it was in the directly oxidized surfaces 
of the bulk material prior to dissolution. An appreciable concentration of 
activated groups in the surfaces of membranes prepared from solutions of 
bulk oxidized material can, therefore, be obtained only if the latter has under- 
gone a most thorough oxidation. 

The method of activating bulk collodion has the obvious advantage that 
rdatively large quantities of material may be prepared in a single operation 
and that many active membranes can be prepared in the usual manner from 
the same solution. 

For the oxidation of collodion, a number of different oxidizing agents were 
employed. Among the less effective ones were hydrogen peroxide, bromine 
water, and potassium permanganate. Sodium hypochlorite, calcium hypo- 
chlorite, and particularly sodium hypobromite were found to be effective. 
These oxidizing agents can, as a matter of course, b'"^ applied successfully to 
other cellulose derivatives and to cellulose, as shown by Meyer and Sievers 
for the case of cellophane. 

In addition to these general oxidation methods, it was found that treatment 
with alkn-li was quite effective in producing activated membranes. This ob- 
servation at first seemed strange; however, after consulting the literature, it 
was found that nitrocellulose in contact with alkaline solutions is not hydrolyzed 
in a straightforward manner to cellulose and nitric acid; rather, it undergoes a 
gradual decomposition of a complicated nature. Nitrite is forme4 in large 
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quantities and the nitrocellulose is gradually oxidized. Actually, prolonged 
action of alkali destro}rs the material completely with the formation of low 
molecular weight compounds, particularly acids. A detailed discussion of the 
mechanism of the reaction of alkalis with nitrocellulose is obviously outside 
the scope of our present investigation and the interested reader must be re- 
ferred to the literature.^® 

We have tested the above mentioned effective oxidizing agents over wide 
ranges of concentration, pH, and reaction times. 

The sodium hypochlorite solutions were prepared from commercial solutions 
by diluting with distilled water. These weakly alkaline solutions were adjusted 
to the desired pH by addition of hydrochloric acid. Here, as in the forthcoming 
instances, pH was determined with a glass electrode. 

Calcium hypochlorite solutions were prepared by adding SO gm. of commercial 
bleaching powder to 1 liter of water. The bleaching powder dissolves only 
partially, yielding a milky solution. The pH of the originally alkaline solu- 
tion was adjusted by the addition of hydrochloric acid as before. After the 
insoluble material settled out, the more or less clear supernatant liquid was 
used as the oxidizing solution. 

The sodium hypobromite solutions were prepared by the addition of molecu- 
lar bromine to sodium hydroxide solutions. By adding different amounts of 
bromine, solutions of different pH are readily obtained. Solutions at pH 11 
are slightly yellow; at pH 7, orange; at pH 6, deeply red. Saturation is reached 
at about 5.8. For the best and most consistent results, the solutions should 
be freshly prepared. In this paper, we characterize our solutions by referring 
to the concentration of the sodium hydroxide solutions used and the pH rather 
than by indicating the concentration of hypobromite, the latter being poorly 
defined and dependent upon hydrogen ion concentration. 

The alkaline treatment of our materials was in most cases effected with 
sodium hydroxide solutions of different concentrations. Potassium hydroxide 
seems to be about equally effective. Ammonia, on account of its smaller de- 
gree of dissociation, is much less effective. The efficiency of other alkalis was 
also ascertained, but none of them offers any particular advantage over sodium 
hydroxide. 

Our results show that the optimum conditions for the oxidation of bulk 
collodion are vastly different from those for membranes. But even membranes 
themselves require varying treatments according to their porosity. In the 
following paragraphs, we give short descriptions of the best procedures of oxi- 
dation which have been found to date. Other collodions may require some 
adjustment of time or concentration if membranes of the highest activity are 
desired. 

See particularly Schwalbe, C. G., Die Chemie der Cellulose, Berlin, Bomtraeger, 
1910-11 and 1918, pp. 293/.; also SUbenad, O., and Farmer, R. C., /. Chem. Soc,y 
London, 1906, 89, 1759; and others. 
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The oxidation of membranes is carried out by immersing them for a certain 
time in the oxidizing solution. This treatment is followed by thorough wash- 
ing. All operations were carried out at room temperature. To obtain op- 
timum results with any given oxidizing agejit, it is necessary to adjust properly 
the concentration, pH, and the reaction time. Immersion for excessively 
long periods in a really efficient solution may destroy the membranes. Higher 
concentrations require somewhat shorter reaction times. 

With highly dried membranes^ bleachmg powder solutions were very ineffec- 
tive, even when allowed to react for several days. Oxidafion with sodium 
hypochlorite solution results in some activation, but in no case were potentials 
approaching the maximum observed. 0.1 m sodium hydroxide solution 
yields some increase in activity; stronger solutions have a great tendency to 
destroy the membranes. However, really satisfactory activation of highly 
dried membranes was never obtained with sodium hydroxide. Sodium hypo- 
bromite solutions in the slightly acid range (ca, pH 6) give consistently good 
results; alkaline solutions beyond a pH of 7 are too destructive to b-' useful. 
Though more dilute solutions are quite effective, the best results v/ere oL R,ined 
by saturating 0.5 m or 1.0 m sodium hydroxide solution with bromine. (The 
use of more concentrated solutions has no advantage.) These solutions, if 
freshly prepared, give consistently satisfactory results, the proper immersion 
time being about 3 hours. We recommend this last method for the activation 
of dried collodion membranes as the one most consistently satisfactory. 

Porous membranes having a fair degree of activity may be obtained with 
solutions of sodium hypochlorite and calcium hypochlorite over a wide range 
of hydrogen ion concentration (pH 6-11.5). The activation is stronger when 
alkaline solutions are employed, but above a pH of about 10.5, there is much 
danger of the membranes being destroyed. Sodium hydroxide in concentra- 
tions above 0.02 m is suitable in activating porous membranes; the reaction 
time has to be chosen carefully to fit the concentration. For example, im- 
mersion for 45 minutes in 0.02 m sodium hydroxide yields membranes of about 
the same degree of activity as treatment for 5 to 10 minutes with 0,5 m solution. 
The activity obtained is only slightly better than that ^hicb results from oxida- 
tion with hypochlorites. 

With porous (as well as with the dried) membranes, entirely satisfactory 
results were obtained consistently with sodium hypobromite solutions The 
optimum pH range, however, was somewhat different, being between 7.0 and 
9. Acid solutions are somewhat less effective; more alkaline solutions are too 
destructive. After some testing, we recommend the use of 0.5 m to 1.0 m 
sodium hydroxide solution with the addition of sufficient bromine to adjust the 
pH to a value between 7 and 9. The optimum oxidation time in such solutions 
was 3 to 4 hours for the membranes we usually used (the thickness of Our porous 
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membranes being on the average 0.04-0.05 mm.). Thicker membranes may 
stand much longer oxidation without damage. Therefore, the likelihood of 
obtaining more highly activated membranes is greater with somewhat thicker 
films. 

The changes in geometrical structure (porosity) which the membranes may 
undergo during oxidation will be discussed bdow after the presentation of the 
pertinent experimental data. 

The physical prop>erties of oxidized membranes are essentially the same as 
those which have not been treated. Moderatdy oxidized membranes are 
nearly as strong mechanically as those which are unoxidized. Increasing 
activation weakens them more and more; this is accompanied, particularly 
with porous membranes, by the appearance of an increasing degree of “plas- 
ticity,” a property which is practically absent in unoxidized membranes. 

IV 

Various methods of testing the ekctrockemUal activity of membranes were used 
according to their porosity. In the case of highly dried membranes, the only 
practical method is the determination of the concentration potential (Michaelis) 
before and after oxidation. For highly porous membranes, the most sensitive 
method is to determine the extent of anomalous osmosis under standard con- 
ditions. In addition, we measured dectroosraosis as well as concentration 
potentials before and after oxidation. We also determined the influence of 
oxidation on the rate of filtration and on the pore volume. 

The effect of oxidation on three representative dried membranes is summarized 
in Table I. 

The membranes were cast from 5 per cent Mallinckrodt “Farlodion” solution (75 
per cent absolute ether, 25 per cent absolute alcohol) and dried for 24 hours. The 
concentration potential for 0.1 m KCl/0.01 m KCl were then determined. After 
this, the membranes were oxidized for about 3 hours with sodium hypobromite solu- 
tion, prepared by saturating molar sodium hydroxide with bromine. They were 
thoroughly washed with water to remove all traces of electrolyte and the concentra- 
tion potentials again measured. 

The values obtained after oxidation closely approach the thermodynamically 
possible maximum of about 56 mv. (at 25°C.), indicating an imusually bigb 
degree of ionic selectivity. The ohmic resistance of these membranes is very 
markedly decreased after oxidation. 

In testing porous membranes, it was necessary to compare only ma mbranes 
of the same general porosity characteristics. With some experience, it is not 
difficult to produce such membranes. One must use some good grade of col- 
•lodion dissolved in a standard solvent mixture; each time a membrane is 
the same procedure has to be followed. 
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Commercial solutions of Baker or Merck “Collodion u.s.p.” (5 per cent collodion 
in a nuxture of 25 per cent alcohol and 75 per cent ether) were used for most of the 
following experiments; occasionally, we employed collodion cotton (Baker “Pyroxi- 
lin'O or Mallinckrodt “Parlodion” (5 per cent dry material in 25 per cent absolute 
alcohol and 75 per cent absolute ether). The differences between these preparations 
are negligible for our present purposes. 

The technique of preparing the membranes, as described previously, is briefly as 
follows: Collodion bags are cast in 30 X 110 mm. test tubes and allowed to dry 
several minutes. Next the bags are filled with water; they loosen from the glass 
spontaneously and are tied to glass rings 'with thread while stiU filled with water. 
Following this, they are kept in covered glass containers under water to which th 3 rmol 
has been added as a preservative. They are never allowed to dry. The membranes 
so prepared are fitted to rubber stoppers provided with a long capillary tube (inner 
diameter about 1.5 mm.). Those membranes were selected which, when filled with 

TABLE I 

The Influence of Oxidation on the Concentration Potential across Dried Collodion Membranes 

- KCl OJ u/KCl 0,01 M + 

The Sign is That Observed in the ^eternal Circuit 


Membrane No. 

Concentration potential 

Before oaidation 

After oxidation 


IWf. 

MV. 

1 

16.8 

53.5 

2 

25.3 

53.7 

3 

11.0 

53.3 


0.25 molar sucrose solution and placed in water for 20 minutes, yield an osmotic rise 
(“sucrose value”) of about 120 mm. of liquid in the capillary manometer. The ad- 
justment of the zero reading is facilitated by a small glass syphon provided with a 
stopcock, allowing the rapid adjustment of the menbeus in the manometer to the 
proper level, corresponding to the capillary rise over the outside solution. 

These membranes are very suitable for experiments concerning anomalous 
osmosis. Their water content varied only in rather narrow limits between 
65 and 70 per cent by weight. They were rather thin, their average thickness 
being 0.04 to O.OS mm., with appreciably thinner anS thicker parts found on 
each individual membrane. 

To test a membrane for anomalous osmosb, the collodion bag b filled with salt 

solution, our standard being ■— potassium sulfate. The bag was then fitted with 

stopper and manometer tube and immersed in a beaker filled with pure water. The 
rbe of the menbeus in the manometer tube after 20 minutes is taken as the measure 
of the extent of anomalous osmosb. Thb rate of rise is very characteristic for each 
membrane. 
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Table II shows the effect of alkaline treatment on porous membranes after 
different reaction times; the values in Table III were obtained with membranes 
oxidized in molar sodium hypobromite solution (pH 7.1). 


TABLE n 

The Activation of Porous Collodion Membranes with 0.5 M Sodium Hydroxide SoluHon 


Membrane 

Before oxidation 

1 

Duration of 
treatment 
with sodium 
hydroxide 

After oxidation 

Osmotic 
rise with 
sucrose 
0.25 u 

Anomalous 
osmosis with 

sTi^ 

Osmotic 
rise with 
sucrose 
0.25 If 

Anomalous 
osmosis with 

Mechanical strength 
of membrane 


mm. 

mm. 

min. 

mm. 

mm. 


a 

108 

34 

1 

108 

100 

Very strong 

b 

145 

53 

2 

143 

178 

II II 

C 1 

132 

42 

3 

136 

155 

II II 

d 

no 

40 

5 

105 

223 

Strong 

e 

122 

54 

10 

128 

290 

Weak 

f 

116 

38 

15 

118 

284 

Very weak 

g 

98 

32 

20 

120 

295 

II II 

A 

no 

44 

60 

— 

— 

Broken 


TABLE m 

The ActivaHon of Porous Collodion Membranes^ with 1 iff Sodium Hypobromite Solution (pH 7 A) 


Membrane 

Before oxidation 

Duration of 
oxidation 

After oxidation 

Osmotic rise 
with sucrose 
0.25 M 

Anomalous 
osmouB with 

Osmotic rise 
with sucrose 
0.25 m 

Anomalous 
osmosis with 


mm. 

mm. 


mm. 

mm. 

a 

Ill 

43 


132 

312 

b 

128 

46 


153 

346 

c 

146 

58 

4 

148 

356 

d 

147 

55 

18 

164 

352 


* The membranes used in this experiment were somewhat thicker tha^n those we used 
ordinarily (see text). 

t Prepared from 1 m sodium hydroxide solution, therefore actually about O.S M with respect 
to hypobromite ion. 

The effect of alkaline treatment on the sucrose values is conspicuously small, 
though the activation as measured with anomalous osmosis is rather good. It 
seems that a limiting degree of activation is reached after a few minutes. The 
membranes which were immersed for less than 10 minutes showed great mech- 
anical strength. The last three became progressively weaker. We have here 
«an example of thorough activation of collodion membranes with a minimum 
change in spatial structure. 
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Such values as those given in Table III can be obtained quite regularly on 
oxidation with sodium hypobromite. This table also exemplifies the changes 
in behavior towards nonelectrolyte solutions which are generally observed. A 
graphic presentation of the effect of oxidation on anomalous osmosis has re- 
cently been published.^ Additional data are also contained in Table VII. 

At this point, a brief discussion of the changes m the geometrical structure 
(porosity) which the membranes undergo on oxidation may be in order. Such 
changes may well be indicated by their behavior towards nonelectrolyte solu- 
tions. The observation of only very slight variations in the osmotic behavior 
of nonelectrolytes (see tables below and some previously published curves^) has 
led us to conclude that the geometrical structure of our membranes is but little 
affected by oxidation. The experimental data indicate that these changes 
increase with longer oxidation times. Limited (minutes only) treatment with 
sodium hydroxide solutions and the oxidation with acid hypobromite, particu- 
larly the latter, seem to combine good activation with minimum changes in 
porosity. Filtration experiments also indicate that the changes in the geomet- 
rical structure of the membranes on oxidation are small. For example, filtra- 
tion rates through three of our typical membranes previous to oxidation were 
2.03, 2.38, and 2.05 ml. per hour under a hydrostatic head of IS cm. water, the 
filtering area being roughly 100 cm^ After oxidation, these values were 1.74, 
2.14, and 1.98 ml. per hour. To minimize disturbances which could be caused 
by dectrical forces, molar potassium chloride solution was used in these filtra- 
tion experiments. 

In order to further clarify the question of structural changes caused by oxida- 
tion, we performed some experiments with flat membranes having approximatdy 
the same porosity as our bag-shaped porous membranes. These membranes 
were measured as to length, width, and thickness, and their weight in the wet 
state (blotted with filter paper) was determined before and after oxidation. 
A loss of volume was detectable only by the weight measurements and this 
only in certain cases. Immersion of the membranes in 0.5 m sodium hydroxide 
solution for 10 minutes caused a loss in weight of about 3 per cent; 3 hours in 
molar sodium hypobromite at pH 9.0 and 7.1 resulted in a loss of about 2 per 
cent and 0.7 per cent respectively, the latter value being within the limits of 

“ The anomalous osmosis values in these curves are appreciably higher than those 
in Table III for the following reason. The points of the curves were obtained by 
performing the experiments one after the other with decreasing electrolyte concentra- 
tions without any intermediate rinsing of the membranes with water. Therefore, 
at the beginning of each experiment, the pores of the membranes contained the elec- 
trolye in even higher concentration than in the bulk of the solution. No time was 
thus required for its penetration into the membrane. For this reason, the anomalous 
osmotic liquid movement sets in immediately with full force without any initial latent 
period. 
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experimental error. The percentage of dry material of the membranes oxidized 
with hypobromite did not diange significantly. Prolonged treatment, particu- 
larly with hydroxide, results in a considerable loss of material and change in 
porosity. 


TABLE IV 

The Influence of Oxidation on the Concentration Potential across Porous Cotiodion Membranes 



Before ozidEtioB 

After oxklatton 

Membrane 

Oimotic rite 

Concentration pot^tiala* 

Oimotic rise 

^ Concentration potentials* 


withiucroie 
0.25 u 

KCl 

0.1/0.01 M 

KCl 

0.2/0.1 M 

withiucroM 
0.25 m 

KCl 

0.1/0.01 M 

KCl 

0.2/0.1 M 


mm. 

nn. 


mm. 

mv. 

nn. 

a 

122 

2.8 


140 

26.2 

4.9 

h 

125 

2.4 

0.3 

160 

18.8 

2.0 


* The dilute solution was positive in the external circuit. 


TABLE V 

The Influence of Oxidation on the Electroosmosis through Porous Membranes 
(Current 10 m Amps) 


Membrane 

Concentration of KCl 
•olution 

Blectrooimotic flow in 20 minutes 

Before oxidation* 

After oxidation* 


moUt/Ktm 

1 c.mm. 

cMm, 


0.001 

2420 

3750 


0.005 

730 

2300 

a 

0.01 

360 

1210 


0.05 

0 

490 


0.1 

0 

360 


0.001 

1690 

2780 


0.005 

1090 

3500 

b 

0.01 

600 

1930 


0.05 

0 

120 


0.1 

0 

■— 


* Osmotic rises with sucrose solution as listed in Table IV. 


The evidence presented indicates that careful oxidation does not cause major 
changes in the geometrical structure of collodion membranes, though minor 
alterations probably cannot be avoided entirdy. These changes, however, 
are certainly much smaller than the differences found between different mem- 
brane specimens cast by hand under as constant conditions as possible. 

The influence of oxidation on the dynamic membrane (concentration) po- 
tential of porous membranes is indicated by the data in Table IV. Various 
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concentrations of potassium chloride were used. Results obtained with sulfate 
and citrate solutions are similar. The membranes used for these experiments 
were cast from a S per cent solution of Mallinckrodt “Parlodion”; they were of 
the same porosity as those used for experiments on anomalous osmosis. 

Table V summarizes the results of some electroosmosis experiments carried 
out with the same membranes as those in Table IV. 

For the electroosmosis experiments, membranes secured to glass rings were fitted 
with a rubber stopper holding a 6 mm. wide glass tube. One electrode consisted of 
a platinum wire which protruded down through this tube. The other electrode was 
in the form of a platinum wire cage surrounding the membrane The membrane 
was filled with an electrolyte solution and placed in a bath of the same solution. The 
current in all experiments was kept constant at 10 milliampercs by manual adjust- 
ment, the effective membrane area being about 100 cm^. or slightly less. Before the 
actual measurements were made, the current was passed through the membranes for 
10 minutes. After this, the zero position of the water meniscus in the glass tube was 
marked. A current of 10 milliamperes was now passed through the system for 20 
minutes and the change in the position of the meniscus noted. From this change and 
the diameter of the tube, the electroosmotic transport is easily calculat'^d. The 
quantities transported electroosmotically are directly proportional to the dur tion of 
the experiment and to the current applied, back filtration being negligible. Pro- 
longed passage of the current through the membranes, particularly activated mem- 
branes, weakens them appreciably. They may be easily destroyed when strong 
currents are applied over a long period of time. The alkali developed at the membrane 
when the current passes^* is probably responsible for its destructive action.^* 

The marked influence of oxidation is apparent. As one should expect from 
theorectical considerations, the relative effect of activation is more pronounced 
with the more concentrated electrolyte solutions. 

V 

The oxidation of collodion in bulk is performed by immersing dry^* fibrous 
collodion cotton in proper oxidizing solutions. After a suitable oxidation time, 

« Bethe, A., and Toropoff, T., Z. phys, Chem., 1914, 88 , 686; 1915, 89, 597. 

This destruction (previously described for highly dried membranes by Michaclis, 
(Bull. Nat. Research Council, No. 69, 1929, 135), is accomj^nied by the dissolution of 
some of the destroyed material in the solution. Therefore, the use of collodion mem- 
branes for electrodialysis seems much less advisable than is generally assumed, par- 
ticularly when very high degrees of purity are required. We are inclined to believe 
that the generation of soluble impurities may have seriously impaired some of the 
published work on highly purified inorganic colloids. 

“ Though collodion is generally not explosive, great quantities of dry material 
should never be k^t in the laboratory. The dry material should alwa 3 rs be handled 
with due care. 
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the material is washed thoroughly with dilute hydrochloric acid and liberal 
quantities of distilled water. After this, it is dried in the open at moderately 
increased temperature. It is finally dissolved in ether-alcohol; 5 per cent solu- 
tions were used. 

The material which may be most conveniently oxidized is collodion cotton“ 
(native nitrated cellulose fibres). It can be readily obtained from supply houses. 
It may also be reprecipitated collodion, obtained in the fibrous form by slowly 
dripping commercial collodion solutions into a great excess of violently stirred 
distilled water. For the subsequent oxidation, it makes little difference whether 
native or reprecipitated material is used. 

Here, as with the membranes, we tried several oxidizing agents for varying 
reaction times at different pH. The oxidizing solutions used were the same as 
those described above. As before, the more alkaline solutions of hypochlorite 
and hypobromite are markedly more effective than those of lower pH. For 
reasons outlined above, the oxidation has to be much more thorough in the 
case of bulk collodion than with membranes. 

Immersion of collodion cotton in sodium hypochlorite or hypobromite solu- 
tions at pH 6 to 10 for 2 days yielded only moderately active products; treat- 
ment for 16 hours at pH 11 to pH 11.5 was more effective. But the loss of 
material increases very markedly in the more alkaline solutions. Both sodium 
hypochlorite and hypobromite are less effective activating agents than bleaching 
powder (calcium hypochlorite) solutions. Treatment for 2 days with such 
solutions at pH 8 to pH 11.5 gives comparatively good activation. The yield 
is good, particularly if the reaction is carried out at a pH below 10. 

The simplest method of oxidation is the treatment with sodium hydroxide. 
0.02 M solution for 5 days is nearly as effective as 0.1 m for 2 days, 1 m for 30 
minutes, or 2 m for 15 minutes. The loss of material under these conditions is 
moderate (less than 10 per cent). The activation of bulk collodion with hy- 
droxide is at least as effective as any other method previously described. Mem- 
branes cast from such material are quite strong, though oxidation is always 
accompanied by some lowering in mean molecular weight, as evidenced by the 
somewhat lower viscosity of the solutions. 

By carefully adjusting the conditions, one can obtain reasonably well 
activated collodion practically without any loss in mechanical strength (and of 
material). Too thorough oxidation, apart from the loss of material, results in a 
product of poor mechanical properties. Its solutions have a very low viscosity 
and membranes cast from them are somewhat plastic and weak, often too 
weak to be useful for experimental purposes. For this reason, the activation 
of collodion cannot be carried successfully beyond a certain point. The intro- 
duction of a maximum number of ionizable groups into the nitrocellulose 

CoUodion cotton (e.g,, Baker “Pjrroxilin”) comes moistened with alcohol. The 
alcohol must be allowed to evaporate before the above treatment is begun. 
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molecule is limited by the ability of the partially decomposed product to form 
mechanically adequate membraneSi 

With the oxidized collodion it is advisable, though not absolutely necessary, 
to use as solvent ether-alcohol mixtures of somewhat higher alcohol concentra- 
tion than that used in commercial u.s.p. solutions (see above). We frequently 
used 35-40 per cent alcohol and 65-60 per cent ether. For the preparation and 
properties of dried membranes, the solvent composition, as it seems, is without 
significance; the preparation of porous membranes of any particular porosity 
may be greatly facilitated by use of the proper solvent mixture. However, for 
the time being, we would like merely to mention the solvent iofluence without 
discussing it further. 

The activation of collodion in the dissolved state was also attempted. This 
reaction proceeds very rapidly and is difficult to control. Therefore, this 
method yielded rather indifferent results; very pronounced degradation was 
accompanied by only moderate activation. 

For the activation of bulk collodion for general experimental purposes, we 
recommend a short (about 20 minutes) treatment with 1.0 Af sodium hydroxide 
solutions. An alternative method involves the use of bleaching powJer (50 
gm./liter) solution in the slightly alkaline range (pH 8-10) using long (2 days) 
oxidation periods. It is advisable to use a sufficiently large excess of oxidizing 
solution (e.g., 1 liter molar sodium hydroxide solution for 50 gm. collodion). 
In this way, any desired quantity of activated collodion can easily be prepared 
and large numbers of membranes can thus be cast from the same material.'® 

VI 

Dried membranes prepared from properly activated collodion regularly give 
concentration potentials (0.1 m KCl/0.01 M KCl) of 52 to 54 mv. These values 
are appreciably higher than those formerly obtained with even the most active 
commercial — now unobtainable — ^preparations. The concentration potentials 
of such membranes (using 0.01 m KCl/O.OOl m KCl) vary between 56 and 58 
mv. at room temperature. The ohmic resistance of such membranes is much 
lower than that of similar membranes prepared from untreated material. This 
effect seems to be particularly pronounced with membranes prepared from 

'® Concerning additional methods of activating collodion membranes, we should 
like to mention that some casual attempts to produce sulfuric acid esters by treating 
collodion with sulfuric acid gave negative results. In some other experiments, we 
mixed some nitropectic acid with inactive collodion and obtained very active mem- 
branes. According to the literature (Henglein, F. A., and Schneider, G., Ber, chem. 
Ges., 1936, 69, 309), nitropectin (and nitropectic acid), when properly prepared, yields 
films similar to those of collodion. Such films of pure nitropectic acid should, as 
our experiments indicate, be electrochemicaUy active. 
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collodion thoroughly activated with sodium hydroxide. We hope to be able 
to investigate this and related points later. 

In order to characterize the degree of activity of porous membranes prepared 
from bulk oxidized collodion, some data concerning anomalous osmosis are 
summarized in Table VI. 

Variations between different batches are more sensitively detected by anoma- 
lous osmosis measurements with porous membranes than by determinations of 
concentration potentials on highly dried membranes. 

Activity as good as that of samples a and h in Table VI are rather rare. 
Collodion having an activity similar to that of samples c and d can be obtained 
easily and regularly. It must be emphasized that the activity of our most 

TABLE VI 


The Influence of Oxidation on the Activity of Bulk Collodion: Anomalous Osmosis 


Membrane material 

Osmotic rise vdth 
sucrose 0.25 m 

Anomalous osmotic 
riie with K.SQ, ~ 


mm. 

mm. 

Commercial (unoxidized) collodion 

110-140 

35-55 

Oxidized collodion sample a 

140 

260 

Oxidized collodion sample b 

132 

250 

Oxidized collodion sample c 

130 

211 

Oxidized collodion sample d 

136 

180 


active porous membranes prepared from bulk collodion does not approach 
the degree of activation which may be regularly obtained by the oxidation of 
membranes as such. 


vn 

Membranes prepared from crude collodion should (according to a preceding 
paper^) be active, since crude preparations are bound to contain acidic impuri- 
ties. These acidic impurities are formed in the process of manufacture and are 
removed by proper purification of the commercial preparations. According to 
the technical literature, crude nitrocellulose is not sufficiently stable for safe 
handling, at least in the dry state. Consequently, manufacturers are generally 
reluctant to release any material in the crude state. Finally, however, we 
procured a sample of crude collodion from the Monsanto Chemical Company.^^ 
When dissolved (in a mixture of 65 per cent ether and 35 per cent alcohol), 
its solutions were turbid and yielded a sediment on centrifuging. (Only centri- 
fuged solutions were used.) The activity of membranes prepared from these 

•• For this sample we are greatly indebted to Mr. H. K. Nason, Assbtant Director 
of Research, Monsanto Chemical Company, Springfield, Massachusetts. 
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solutions, when tested by means of anomalous osmosis, was somewhat higher 
than the most active Schering-Kahlbaum preparation; on the other hand, Uiey 
were definitely less active than most membranes prepared from collodion oxi- 
dized as discussed in the preceding paragraphs. Highly dried membranes gave 
values for the concentration potential (KCl 0.1 m/KC1 0.01 m) of SO mv. and 
better. These values are similar, or possibly somewhat higher, than those 
reported by Michaelis and coworkers, who used membranes prepared from 
Schering-Kahlbaum “Celloidin.” 

Since crude collodion is not regularly available through supply houses or 
other regular trade channels, it seems superfluous to describe this product or 
its behavior in detail. 


vm 

The results obtained with the oxidative activation of membranes lead one 
to infer that the differences observed in the membranes prepared from various 
brands of collodion (reported previously^**) would disappear on oxidation. The 
verification of such an inference would be of importance in providing an ^nsight 
into the structure of collodion membranes. 

The best way to approach the above problem experimentally is to test the 
behavior of such membranes with anomalous osmosis. Table VII summarizes 
the behavior of membranes prepared from several brands of collodion before 
and after oxidation. The experimental technique was the same as that pre- 
viously sketched. 

In order to have reasonable uniformity in the membranes prepared from the differ- 
ent collodions/* we selected those which gave as nearly as possible the same rate of 
pressure rise when tested with 0.25 m sucrose solution (Table VII a column 2). The 
pressure rise obtained during 20 minutes was taken as indicative of the porosity of 
the membrane. The rises of the liquid in the manometer tube after 20 minutes with 
different electrolytes are given beside the sucrose values (Table VII a columns 3, 4, 
and 5). The values given here were obtained in “repeat*' experiments, carried out 
without washing the membranes after a preceding similar experiment with the same 
electrol 3 rte concentration. These repeat values are always somewhat higher, as the 
electrolyte has already penetrated the membrane and the proper concentration gradi- 
ent is established from the very beginning of the experimei?t. 'flie electrolyte cop- 


^*To obtain such structural uniformity with the different brands of collodion, it 
was necessary to evaporate the original Schering-Kahlbaum collodion solutions to 
dryness and to redissolve the dry material in ether-alcohol prior to casting the mem- 
branes. For the experiments described in Table VII, we adhered to the standard 
solvent mixture (75 per cent ether and 25 per cent alcohol) and made the solutions 
uniformly 5 per cent. In parenthesis, we may add that in later experiments “Pado- 
dion" membranes having a satisfactory porosity were obtained only by incr e a sin g 
the alcohol concentmtion to 40 per cent. 
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centratioDS used are approximately optimum concentrations for membranes of 
moderately good activity. After being thus tested, the membranes were oxidized 
for 3 hours in a solution prepared by saturating molar sodium hydroxide with bromine, 
the resulting solution having a pH of about 5.8. At this pH, the activation is good, 
but not necessarily optimal. After properly washing the membranes, the osmotic 
experiments with sucrose and electrolyte solutions were repeated. 

The results are shown in Table VII 6. It may be noted that on account of the 
poor quality of Schering-Kahlbaum DAB 6, we were unable to obtain a membrane 
of this material which withstood oxidation without damage. 


TABLE Vn 

The Influence of OxidaHon on ike AcUvUy cf Porous Collodion Membranes^ Prepared from 
Various Brands of Collodion: Anomalous Osmosis 


1 

2 

S 

4 

5 


7 

B 

9 




a 




h 




Before oxidation 



After oxidation 


Brand of collodion 

Osmotic 

1 Anomabus osmosis 

Osmotic 

1 Anomalous osmosis 


riat* 
with 
sucrose 
0.25 K 



128^* 

-ci- 

trate* 

rise 
with 
sucrose 
0.25 M 



M ^ 
128^ 
— ci- 
trate* 


mm. 

mm. 

mm. 

flMPI. 

ami. 

fIMI. 

mm. 

mm. 

HiOUnckrodt “Pulodion”. 

124 

7 

43 

75 

142 

112 

332 

665 

Mwek coUodioD O.S.P 

128 

14 

54 

112 

140 

124 

290 

650 

Baker collodion u.s.p 

Schering-Kahlbaum Collo- 

128 

6 

48 

130 

120 

116 

338 

670 

dium **pro analysi** ... . 

Schering-Kahlbaum Collo- 
dium “xur Herstellung 

125 

8 

32 

124 

140 

104 

320 

715 

von Membranen*' 

Schering-Kahlbaum '*Ce]' 

115 

16 

83 

190 

145 

75 

173 

620 

]oidln*"*forgeneraliue’'. I 
Schering-Kahlbaum Coilo- 

126 

70 1 

228 1 

410 

158 1 

117 

340 1 

635 

dium DAB 6 

124 

26 1 

195 1 

390 

Decomposes on oxidation 


* This concentration wm choien because it gives maximum effects with membranes of medium activity.^ 


A comparison of the pressure rises with sucrose solution (obtained with the 
same membranes) before and after oxidation shows that they are but little 
changed (Table VII, columns 2 and 6). This is particularly true for the better 
(less active) grades of collodion. The behavior of our membranes with el^- 
trolyte solutions, however, ia most markedly changed after oxidation They 
are all uniformly active, possessing far greater activity than even the most 
active commercial prq>arations The differences between the various com- 
mercial preparations completely disappear on oxidation, a fact which indicates 
that membranes prepared from different collodions (if they behave fairly 
uniformly with nonelectrol 3 rtes) have a fairly similar geometrical structure. 
Thus the difference between membranes prepared from different brands of 
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collodion is to be found not in differences of their geometrical structure, but 
rather in their different electrochemical characteristics. 

DC 

DISCUSSION 

Most of the points raised by the data which have been presented have 
been dealt with adequately in the foregoing sections. Certain other facts war- 
rant further comment and correlation. 

It should be said that the proposed methods of activation of collodion by 
oxidation are obviously not beyond possible improvement. They are simply 
methods found to be satisfactory with many different collodion preparations 
imder varying conditions. 

Concerning the origin of the oxidized groups in the active commercial prep- 
arations (as well as in the crude collodion), it may be appropriate to mention 
that the strength of the hypochlorite (and hypobromite) solutions we used was 
about the same as that used in technical bleaching solutions; the latter usually 
contains 2 to 5 gm., occasionally up to 25 gm. of ‘‘available chlorine^’ per liter — 
according to the material to be bleached. Cellulose swells in electrolyte 
solutions, and the native cellulose fibres are thus quite accessible to the action 
of bleaching agents. There is little wonder that considerable oxidation occurs 
during the manufacturing process, particularly if impure raw materials re- 
quiring thorough bleaching are used. The latter treatment in combination 
with the obviously rather superficial purification of the active collodions (as 
attested by their high ash and sulfate content*), can readily account for the 
activity of certain commercial collodion preparations of poor quality which 
are no longer available. 

The problem as to why one or the other of our oxidizing agents is more or 
less effective under different conditions probably cannot be solved at present; 
too many factors are involved. Among the strictly chemical factors are the 
change of oxidizing power in general with changing hydrogen ion concentration, 
the different possibilities of attacking the nitrocellulose in an oxidative and 
hydrolyzing manner, and the correlation of these two processes. 

There are other problems in which chemical and structural factors are closely 
interwoven. For example, a given oxidizing agent may or may not penetrate 
into the smaller pores of the collodion, depending on its chemical characteristics, 
particularly its molecular (ionic) size. If the latter is large, it may be unable 
to reach the narrow pores of a dried membrane, unless it first causes consider- 
able structural changes of a destructive nature. 

This leads us to a very important point, namely the possible structural 
changes which occur on oxidation. We must expect such changes to be much 
more critical with dried than with porous membranes. The relative structural 
changes brought about by a certain oxidizing agent may be insignificant in 
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the wide pores of a porous membrane, whereas the same abscdute change in the 
extremely minute pores of a dried membrane may easily result in proportion- 
ately enormous structural changes. Therefore, an oxidizing agent which gives 
optimum activation with porous membranes may be very unsuitable for dried 
membranes. For the latter, only such oxidizing agents which cause minimal 
structural changes (e.g., acid hypobromite solution) are suitable. Such acti- 
vating agents, although they may not bring about maximum charge density, 
leave the pores sufficiently narrow to give rise to maximum concentration 
potentials. 

Our own results lead to the conclusion that differences between active col- 
lodion membranes and membranes artificially impregnated with proteins, 
dyestuffs, etc., are not nearly so fundamental as formerly assumed. In all 
these cases, certain ionizable substances, foreign to the pure ideal nitrocellulose 
cause the activity. 

The idea of increasing the base exchange capacity of cellulosic materials 
is certainly not new. Years ago, Schwalbe and Becker^* oxidized cellulose 
with the purpose of introducing acid groups and studied the base exchange 
properties of the oxidized products. 

A brief explanation of the terms used to describe the activity of our mem- 
branes, particularly the porous ones, may be appropriate. Measurements of 
concentration potentials are basically the simplest way of characterizing dried 
monbranes. In our opinion, simple potentid values which are obtained ex- 
perimentally are hardly less characteristic than any derived constants which 
may be calculated according to some newer theoretical concepts.^* * In the 
case of porous membranes, the measurement of concentration potential (or 
anything derived from it) gives only an incomplete characterization. For a 
more detailed description of a membrane, potential measurements must be 
supplemented by some sort of electrokinetic experiments {e.g., electroosmosis 
measurements). A much more sensitive indicator of the electrochemical 
“activity” of actual membranes (having pores of different diameters") is, as 
pointed out before, the extent of anomalous osmosis under standard conditions 
— as used in our experiments. 

Most preceding studies (as well as our own) have n^ected a matter of 
primary importance, namely, the conductivity of coUodion membranes. 
Mirha'ftlia and coworkers" have investigated this problem to a limited extent. 
Conductivity measurements, performed with membranes of different activity, 

r* Schwalbe, C. G., and Becker, E., Ber. chem. Ges., 1921, M, 545. 

SoUner, K., Z. Elektrockem., 1930, S6, 36, 234; SoUner, K., and Gtollman, A,Z. 
Elektroehem., 1932, 88, 274; Tr. Ekarechem Soc., 1932, 61, 477, 487; SoUner, K., 
KMoii-Z. 1933, 68, 31. 

" Green, A A., Weedi, A. A. and Michaelis, L., J. Gen. Pkysiol., 1929, 18, 473; 
alsof Midiaelis, L., and Perlzwdg, W. A., J. Gen. Pkysiol., 1927, 10, 575. 
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would probably be rather helpful in elucidating their structure. From the 
experimental point of view, the problem of conductivity is particularly urgent 
with highly dried membranes. In the past, investigators have been concerned 
nearly exclusively with the electromotive properties (concentration potentials) 
of such membranes. By and large, as long as the resistance was not so high 
as to make measurements too difficult or inaccurate, a membrane was con- 
sidered to approach perfection if the concentration potential approached the 
thermodynamically possible maximum. Ordinarily, dried membranes have 
such high electrical resistance (and low permeability for nonelectrolytes) as to 
make them more or less useless for many permeability studies. If highly 
selective membranes should be used for large scale permeability studies or for 
model experiments (e.g., straight permeability or Donnan equilibria with uni- 
univalent strong electrol)rtes), they must combine both high ionic selectivity 
and low resistance. The oxidation method might conceivably offer a good 
means of preparing such membranes; however, this possibility requires further 
experimental investigation. 

Finally, it seems worth while once more to stress the fact that the oxidation 
of membranes influences their behavior towards nonelectrolytes only sL'^htly 
and that their geometrical structure is only little affected by such treatment. 
Membranes prepared from different brands of collodion completely lose their 
characteristic differences in behavior towards electrolyte solutions (Table VII) 
when oxidized (and remain, as implicitly said above, relatively unchanged in 
their behavior towards nonelectrolytes). 

This indicates that the differences between membranes prepared from differ- 
ent brands of commercial collodion in their behavior towards electrolyte solu- 
tions have to be sought for primarily in their electrochemical structure, i.e. 
in the number (and nature) of dissociable groups in their surhtces. Particle 
size and particle size distribution are obviously, at least in the range of the 
investigated preparations, only a secondary factor. 

With this statement, we do not infer that the differences of molecular weight 
between the different brands of collodion are not important for the spatial 
structure of the membranes. What we can say on the basis of our present 
experimental results is that the different commercial collodion preparations 
allow one to prepare membranes having obviously sic^ilar geometrical struc- 
tures. There are great differences in the ease with which membranes of a 
given porosity (sucrose value) can be obtained from different collodion prepa- 
rations, particularly if the same solvent mixture is used. 

A deeper insight into the physical and chemical structure of the collodion 
membrane will be possible only after further experimental data are available. 
The most important problem seems to be the determination of the absolute 
charge density at coUodion-water interfaces and the possible correlation of 
such data to the Meyer-Sievers-Teorell theory of electrochemical membrane 
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behavior. The water uptake and the swelling of collodion membranes in 
different electrolyte solutions also await investigation. We hope to deal 
with these problems in subsequent publications. 

SUMMARY 

1. The electrochemical behavior (concentration potential, anomalous os- 
mosis, etc.) of collodion membranes is due to its acidic impurities. These 
impurities determine the possible charge density of the collodion — aqueous 
solution interfaces. This (possible) charge density is believed to be identical 
with the base exchange capacity of the interfaces under consideration. 

2. The collodion preparations commercially available at present are too pure 
to yield membranes of sufficient activity for electrochemical membrane in- 
vestigations. Crude collodion, a product which is only partially purified, 
shows considerable electrochemical activity because of its content of acidic 
impurities. 

3. The inactive commercial collodion preparations can readily be activated 
by oxidation by virtue of the fact that oxidation increases the number of dis- 
sociable groups (carboxyl groups) on the collodion. 

' The oxidation method of activating collodion may be applied to membranes 
as such as well as to collodion in bulk. 

4. The recommended oxidizing agents are sodium and calcium h)qx)chlorite 
and sodium hypobromite. A further group of effective and recommended ac- 
tivating agents are solutions of strong alkalies. Alkalies cause a complicated 
decomposition of nitrocellulose with the formation of nitrites (and probably 
other nitrous compounds). These nitrites act upon the collodion as oxidizing 
agents, thus causing activation. 

5. Detailed descriptions of tested oxidation procedures for highly dried 
membranes, porous membranes, and bulk collodion are given in the text, the 
optimum conditions being different in the three cases. 

6. Collodion membranes oxidized as such show a much higher electrochemical 
activity than any previously described. Highly dried membranes after oxida- 
tion give concentration potentials which approach the thermodynamically 
possible maximum more closely than any given in the literature. Porous 
membranes after oxidation show greatly increased concentration potentials and 
yield much greater electroosmosis when a current is passed through. These 
effects are reflected in the enormous magnification of the extent of anomalous 
osmosis. 

7. The behavior of the porous membranes toward nonelectrolytes changes 
but little on oxidation. The volume of such membranes, as well as their per 
c^nt water content (pore space), remains constant within the limits of experi- 
mental error. From this observation and studies on the rate of filtration, it 
is concluded that the geometrical structure of membranes is but little changed 
on oxidation. 
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8. Collodion oxidized in bulk likewise yields very active membranes. Dried 
membranes prepared from activated bulk collodion consistently yield concen- 
tration potentials which approach the thermodynamically possible maximum 
very closely and are appreciably higher than any previously reported. Porous 
membranes prepared from bulk oxidized collodion show a degree of electro- 
chemical activity surpassing anything described for the most active commercial 
collodion preparations. However, these membranes are less active than those 
oxidized as such. 

9. Membranes prepared from different collodion preparations which behave 
fairly uniformly towards nonelectrolytes but very differently towards elec- 
trolyte solutions become similar in their behavior towards electrolytes after 
oxidation. 

10. The geometrical structures of membranes prepared from different col- 
lodion preparations are essentially identical. The differences in their behavior 
towards electrolytes are due entirely to the electrochemical factor; i.e., the 
charge density at the water/collodion interface. 

11. Certain general aspects of the foregoing experimental results are di^^- 
cussed briefly. 
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The function of nerve has been extensively investigated for many years and 
careful measurements have been made of the initiation and propagation of the 
impulse under a wide variety of conditions. It was only natural that there should 
be numerous attempts to correlate and explain these experimental data. The 
general phenomenological theories of nerve activity have avoided the physical 
characteristics of nerve structures and the specific theories have had to con- 
sider these properties as undetermined parameters. It has long been assumed, 
for example, that the axon membrane could be represented electricall; by 
capacity and resistance elements, yet these characteristics have only been 
measured directly in the past few years. Excitation phenomena have also led 
to a few suggestions that the membrane might act as an electrical rectifier 
and to at least one mention of the possibility of an inductive element in a nerve. 

The preceding papers have presented experimental evidence, independent 
of excitation, for the rectification and inductance elements in the membrane 
of the squid giant axon (Cole and Baker, 1941a and h\ Cole and Curtis, 1941). 
The various aspects of the evidence should now be correlated and the implica- 
tions as to both the physical structure of the membrane and its physiological 
function should be investigated as far as possible. 

The electrical properties of the membrane will for several reasons be con- 
sidered in terms of an equivalent circuit. Probably the most important of 
these is that the measurements have for the most part been made by a direct 
comparison of the nerve with electrical circuit elements. However, informa- 
tion in this form is quite usable because the techniqj^es for analyzing the 
behavior of circuits are versatile and powerful and have been widely used. 
The numerical values and the configuration of the circuit elements may then 
be used to describe molecular structure on the one hand and ph 3 rsiological 
function on the other. But it must be emphasized again that any particular 
circuit is not necessarily unique and should not be interpreted intuitively 
(Cole, 1928, 1933 a, 1937). To avoid as much complexity as possible at the 
present time, we shall only consider the simplest circuit, shown in Fig. 1, which 
has a reasonable correspondence to the known membrane properties (Cole and 
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Baker, 1941 6). This circuit makes many concessions to simplicity and several 
of the obvious defects will be mentioned later (p. 48). Before turning to the 
physiological applications of the circuit, we shall consider the physical char- 
acteristics and implications of the circuit elements themselves. 

MEMBRANE STRUCTURE 
Capacity and Resistance 

The membrane capacity, C (Fig. 1) of the ^uid axon is about 1.1 /if/cm.* 
and it has a constant phase angle of about 75®. These values are in the range 
of those found for a variety of other cells, and their significance has been dis- 
cussed recently (Cole, 1940). From physiological evidence, this capacity is 
probably a characteristic of the ion impermeable portion of the membrane and 
the phase angle a measure of the dielectric loss in it. For physical reasons, it 
was suggested that the membrane is a highly organized and coherent structure 


R Fig. 1. An approximate equivalent circuit for the mem- 

brane of the squid giant axon with capacity, C, inductance, 
L Ly and resistance, R. 


having a high dielectric constant and a considerable thickness on a molecular 
scale. 

The membrane resistance, R (Fig. 1) of the squid axon is quite variable, 
but it is usually of the order of a few hundred ohm cm.* for small currents, and 
similar values have been found for several other cells. This resistance is 
assumed to be a measure of the ion permeability on the basis of physiological 
and physical evidence recently summarized (Cole, 1940). 

Rectification 

However, as the current is increased, it is no longer found that the resistance, 
jR, may be considered as a linear circuit element. Measurements of impedance 
(Cole and Baker, 1941a) and membrane potential (Cole and Curtis, 1941) 
show that the membrane is a rectifier with a limiting resistance for an outward 
current flow about one-hundredth of that for an inward flow. 

It is very instructive to compare the rectification characteristic of the mem- 
brane with those of widely used commercial barrier layer rectifiers, such as 
copper-copper oxide and selenium. It is found for Cu-CuO that the limiting 
resistance in forward direction ranges from one-hundredth to one-thousandth 
of* that in reverse direction and for selenium that this ratio .is about one- 
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hundredth. Thus the ratio of one-hundredth found for the axon membrane is 
quite comparable to that for these rectifiers. However, the similarity prob- 
ably ends at this point. Although there has been considerable uncertainty as 
to the exact mechanism of the barrier layer rectifier action, there seems to be 
little doubt that it is an electronic phenomenon. It seems rather improbable 
at the present time that there is an electronic conduction in the cell membrane, 
and we are much more inclined to look for an explanation in terms of an ionic 
conduction. Such an example has been found by Blinks (1930) in a dried 
collodion membrane separating different electrolytes, where the rectification 
was accounted for by the mobility of the permeating ion forced into the mem- 
brane by the applied field. 

One might also consider the possibility of a conduction by potassium ions 
alone. It seems reasonable to suppose in such a case that both the concentra- 
tion and the mobility of this ion are quite small in the membrane structure 
itself. If the concentration is governed by partition coefficients at the two 
interfaces we may expect a concentration gradient within the membrane com- 
parable to the external concentration gradient. When there is an in\ 'ard 
current flow, a steady state will be set up in which the initial low outside con- 
centration of potassium ions will be decreased by the ions crossing into the 
membrane. At the inside the potassium ions are readily taken up as they 
emerge from the membrane and the concentration at each point in the mem- 
brane will be reduced. The overall effect will then be an effective increase of 
the membrane resistance. For outward current flow, the large supply of these 
ions available at the inner face of the membrane is augmented by the current 
flow, and at the outer face only a relatively low equilibrium concentration of 
the ions is possible. As a consequence of this large supply and small delivery 
the concentration may be expected to increase at every point and so to decrease 
the resistance. 

This picture has not been put into quantitative terms, and it may be simpler 
to consider it in terms of potential barriers at each interface which are then 
alternative expressions of the partition coefl&cients. One may then anticipate 
a resistance-current relationship of the form R ^ R 9 + Ri tanh i/io and the 
observed rectification curves are of this general form, ^owever, it seems 
premature to compare the experimental data with such an analytical expression 
until each has established on a better basis than at present. It is obvious, 
however, that the rectification characteristics will at least be an important 
guide in the formulation and verification of the nature of the mechanism. 

Inductance 

The idea of a membrane capacity is easy to rationalize and it has not been 
particularly surprising to find that the axon membrane acts as a rectifier, 
although the eflBiciency may be rather unexpected. It is quite another matter 



32 


RECTIFICATION AND INDUCTANCE IN SQUID GIANT AXON 


to find that the membrane has the electrical characteristics of an inductance. 
In ordinary experience an inductance is a characteristic associated only with 
the storage of energy in a magnetic field, and it is singularly difiicult to imagine 
a membrane structure which would allow an electromagnetic field correspond- 
ing to more than a few microhenries. This could be ignored but the actual 
membrane inductance of one-fifth henry for a cm.* cannot. 

Although the concept of inductance was originated to express electromagnetic 
phenomena and our standards of inductance have long been electromagnetic, 
it is not necessary to restrict the use of the term to this field. An inductance 
may be defined by means of the relation of the current, /, and the voltage, 7, 
in a manner analogous to the operational definition of a resistance, JS, by Ohm’s 
law, V » Rf. Then anything in which it is found that the potential difference 
is proportional to the rate of change of current is an inductance, electrically 
speaking, and it is measured as the factor of proportionality, £, in F — L dl/iU. 
Similarly, the definition of capacity, C, is / = C dV/df. Turning to the energy, 
we find that T = 1/2 LP for the inductance, U = 1/2 CF* for the capacity, and 
the rate of dissipation F = RP for a resistance, completely irrespective of the 
ultimate mechanisms by which the storage or dissipation of energy may take 
place. 

However, to point out that an inductance can be defined without reference 
to a magnetic field is hardly a satisfactory explanation of the very large mem- 
brane inductance. And indeed it will not be possible to give a complete 
explanation except in terms of the membrane structure. On the other hand, 
it may be possible to make the existence of a membrane inductance seem less 
unreasonable by examples of purely physical structures having inductive char- 
acteristics without a corresponding magnetic field. 

One example is the carbon filament incandescent lamp. In this instance 
the explanation of the inductance is relatively simple, and is easily understood 
by a consideration of the current flow after the application of a constant voltage 
to the lamp. At the first instant a current will flow corresponding to the cold 
resistance of the filament. The filament then begins to heat as a result of the 
current flow at a rate depending upon its heat capacity and to an extent deter- 
mined by the heat losses. However, a carbon filament has a negative tem- 
perature coefficient of resistance and consequently the resistance becomes less 
than it was initially. Since a constant potential was applied the current rises 
from the initial value as an exponential function of time and finally reaches a 
constant value. These electrical characteristics are, however, identical with 
those of a resistance and inductance network, and it is possible to calculate 
the thermal characteristics of the lamp from the electrically equivalent struc- 
ture. When measured in a Wheatstone bridge it is foimd that such a lamp has 
an inductive reactance at all frequencies and that the equivalent network of a 
60 watt lamp requires an inductance of 30 henries. A much more dramatic 
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example of an inductance of thermal origin is found in the recently developed 
Western Electric 1-A Thermistor (Pearson, 1940). In this device a bead of 
uranium oxide is mounted on two platinum wires and sealed in vacuum. This 
material also has a negative temperature coefiScient which with the heat capac- 
ity and losses gives the Thermistor an inductance of many henries. It is not 
impossible of course that the cell membrane has similar characteristics, but this 
particular inductance mechanism probably has little value to us except as an 
example of a ncm-magnetic inductance. 

There is another and more common class of inductances arising from mechan- 
ical motions, and the most familiar example of these is the piezoelectric crystal, 
sudi as quartz or Rochelle salt. A potential difference applied to two elec- 
trodes on one of these crystals tends to diange its shape, and conversely if its 
^pe b dianged mechanically a potential difference will appear between the 
electrodes. When the crystal is not constrained, its distortion after the appli- 
cation of a constant potentbl to the electrodes depends upon the mechanical 
characteristics of mass, elasticity and damping. As thb distortion takes place 
the electrical charge generated modifies the current flow from the outside 
circuit in just the same manner as an electrical circuit containing resbtance, 
cai>acity, and inductance. In thb electro-mechanical system the inductance 
b determined by the mass of the crystal, the capacity by its elasticity, and the 
resistance by the internal and external frictional losses. When the alternating 
current has a frequency about that of a natural mechanical frequency of the 
crystal, the mechanical vibrations may have large amplitude and the electrical 
reaction on the circuit is particularly powerful. The crystal may then control 
the frequency of the associated circuit with a high degree of accuracy and serve 
as a standard of frequen<y and time. A common type of quartz crystal about 
1 cm. square and 1 mm. thick with a natural frequency of 2 megac)rcles b 
found to have an inductance of about one-tenth henry or approximately half 
the inductance of a similar area of axon membrane. 

It may seem quite unreasonable to suppose that the axon membrane may be 
piezoelectric wi^ a natural frequency of a few hundred cycles, but in the pres- 
ent state of our information thb possibility cannot be excluded. There b a 
potential difference across the membrane and probably a y^pry high electrical 
field strength giving rise to considerable mechanical forces. Any alteration of 
the field strength by an externally applied potential may be expected to alter 
the Tnftrlianira.1 stress. A resultant deformation reacting on the membrane 
potential difference might then be measured electrically. However, for a cr}rstal 
as thin as the axon membrane presumably b to have a natural frequency of a 
few hundred ^des requires a very high density and very small coeflScient of 
elasticity. But thb may not be impossible if the membrane has the laminar 
structure proposed for the myelin sheath on the basb of x-ray evidence 
(Schmitt, 1936). Thb picture of parallel lipo-protein sheets separated’ by 
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aqueous layers is highly suggestive of the colloid coacervates such as bentonite, 
in which the micro-structure, as in the tobacco mosaic virus, is maintained by 
the interaction of the ion atmospheres (Langmuir, 1938). It is possible 
that the forces holding a particular particle in its equilibrium position 
may be small compared to the mass of the particle, and the natural frequency 
of oscillation about the equilibrium may be of the order required by the 
membrane measurements. There is of course no direct evidence to supp)ort 
this suggestion, but observations on the double refraction of bentonite sols in 
an alternating current field (Mueller, 1939; Norton, 1939) are at least helpful. 
Here it is found that the sign of the double refraction at a frequency of the 
applied field above about 200 cycles is opposite to that obtained at lower 
frequencies. We may then expect that impedance measurements of these sols 
will also show a change of sign of their reactance in this same frequency range 
although the measurements may be somewhat obscured by surface conductance 
effects. 

If we consider structures containing sources of energy, the possible inter- 
pretations of an inductive reactance are almost unlimited. In general we can 
only say with certainty that the membrane structure is such that it gives rise 
to a potential difference during current flow which is proportional to the rate 
of change of the current. 

In this discussion of the possible sources of inductance it has been empha- 
sized that the common association of an inductance with a magnetic field may 
be misleading, and it is equally apparent that the common association of a 
capacity with a dielectric may be equally misleading. There has been little 
reason to question the applicability of this concept because it gave so satis- 
factory a picture of a thin membrane. It has already been mentioned that the 
elasticity of a piezoelectric crystal gives rise to a capacity. This capacity 
element is separate and distinct from the dielectric capacity of the crystal 
which may be obtained when the crystal is constrained and cannot react 
mechanically to the electric field. Also we find that there are capacities of a 
thermal origin and as may be expected they arise from a positive temperature 
coefficient of resistance. A 3 watt tungsten lamp, for example, has been found 
to have a capacity of about one thousand microfarads. As a consequence we 
must also be prepared to discard the simple and obvious interpretation of the 
membrane capacity measurements. 

Until there is more complete evidence as to the nature of the membrane 
structure and function we have no reason to assume that these physical meas- 
urements must be explained in terms of physical structures analogous to those 
which have been used for illustrative purposes. On the contrary, it is prob- 
ably safest to consider the membrane as far as possible from a physical-chemical 
viewpoint in which no sharp division can be made between physical and chem- 
ical phenomena as has often been done. For example, let us assume that the 
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variables of the general two factor formulations of excitation (p. 43) can 
actually be identified chemically, as ions for example, and that the changes 
of the difference in these ion concentrations correspond to changes of the 
membrane potential difference. As will be shown, this is electrically equiva- 
lent to an inductance, capacity, and resistance, in equations (7) and (8), and 
the measurements of these elements then constitute an analysis of the chemical 
kinetics of the membrane system. If we wish to describe the membrane 
phenomena in purely chemical terms, as is perfectly reasonable and possible, 
it then seems quite probable that the electrical measurements as they stand 
contain by far the most accurate and detailed chemical information available 
at the present time for the axon membrane. 

MEMBRANE RESPONSE 

We shall turn now to the performance of the membrane as a whole, both by 
itself and in relation to the rest of the axon. It is convenient to divide the field 
into the two regions of (1) passive or subthreshold phenomena, and (2) active 
or threshold phenomena. These regions probably should be separated accord- 
ing to whether or not potential energy is released, but for the present the terms 
will be used without careful definition. 

Subthreshold Potential 

The subthreshold phenomena will be considered first in terms of calculated 
and measured electrical potentials. When a current flows through any part 
of an axon having an appreciable resistance or impedance, it is obvious that 
there will be a change of potential. These potentials may be roughly classified 
as linear and non-linear. For sufficiently small currents, the potential differ- 
ence is proportional to the current and the factor of proportionality is the re- 
sistance for direct current and the impedance for alternating current. When 
the alternating current characteristics are known it then becomes possible to 
calculate the linear subthreshold potential difference for the application of any 
small current. The equivalent circuit of Fig. 1 is, however, an approximate 
representation of the alternating current characteristics of the membrane and 
may be used directly. 

For a square centimeter of membrane, the capacity, C, in this circuit is 
about 1 microfarad, and for simplicity the dielectric loss will be ignored. The 
resistance, JR, may have a resting value in the neighborhood of 300 ohms per 
cm.* for small currents, and the inductance, L, is about one-fifth henry. If 
now Vm is the potential difference across the membrane at one point and im is 
the current density at this point, the relation between these two quantities at 
any time is given by the ordinary differential equation: 

dfi at at 
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This is a foadUar second order differential equation with constant coefficients 
and the methods of solution are well known and direct. However, as the 
current is increased beyond perhaps 10 per cent of rheobase, it has been found 
that the resistance, X, is a rectifier element having a lower resistance for an 
outward flow of current and a higher resistance for inward flow. This property 
may be expressed in the form v/i = X(i) where v is the potential difference 
across and i the current through the element, and we have: 

LC^ + It(i)C^ + 9m - (2) 

dfl at iU 

for the non-linear subthreshold potential. The solution of this equation with 
the variable coefficients has been found for some anal 3 i:ical forms of X(i), but 
the solution must be obtained by numerical, graphical, or mechanical integra- 
tion when X(i) is given in numerical or graphical form only. If we turn now 
from the consideration of a single point on the membrane to a treatment of the 
axon as a whole we must allow the potential and current to vary along the 
length of the axon as well as with the time. Equation (2) is then to be re- 
placed by the partial differential equation: 

+ + + (3) 

As yet there has been no indication that the exterior and interior of an axon 
are anything but electrolytic conductors and these may be expressed as the 
resistances n and r 2 for a unit length of axon. Then with the ordinary assump- 
tions of a negligible radial potential difference inside and outside the membrane 
and a negligible longitudinal current flow in the membrane we obtain: 

(4) 

where im is now the current per unit length. This becomes the usual cable 
equation if the membrane is a pure resistance, fm for a unit length, and the 
relation between Vm and im is given by Vm = rmim- In the present case, how- 
ever, this relation is given by equation (3) and the axon behavior is completely 
determined by the two equations, (3) and (4). In general the membrane 
current, «m, cannot be measured directly under any particular experimental 
conditions and only the externally applied current, Io(t)t is known. The part 
of this current wUch crosses the membrane, /(/), aptly termed the “pene- 
trating fraction” by Rushton (1937 d), is readily found and we have the further 
relation 


1(1) Jim(x, <) dx 


(S) 
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to be satisfied for each electrode. Id the esse of do spplied ClllTCDt| /(f) ® 0# 

The bdiavior of the nerve model under any set of conditions is then to 
be found by solving the three equations (3), (4), and (5). The comidete 
solution of these partial differential equations is a difficult and laborious 
procedure which has not yet been carried out for even a single problem, and 
there are at least as many possible problems as there have been experiments on 
nerve. The effect of the presence of inductance and rectification elements in 
the membrane may, however, be illustrated by a few special cases and approxi- 
mate calculations. 


ConsiatU CurretU 

a small constant current is applied uniformly to a unit area of mem- 
brane, the subthreshold potential may be calculated by equation (1) or from 
the circuit of Fig. 1. This potential will be over-damped, critically damped, 
or under-damped and os cillato ry according as the resistance R is greater than, 
equal to, or less than 2 V L/C- Also the potential will have the same form for 
both directions of current flow. For larger currents, the non-linearity of the 
resistance, J?, must be taken into account. It is obvious that under an anode 
where the membrane resistance is increased, the circuit will be more and more 
highly damped as the current is made larger and that the damping will be 
progressively decreased under the cathode. A rigorous calculation of these 
potentials from equations (3), (4), and (5) has not been attempted, but the 
graphical integrations of equation (2) have been carried out assuming a uniform 
density, as shown in Fig. 2. To compensate in some degree for not solving the 
partial differential equations, the apparent rectification curve for the applied 
current (Fig. 4, Cole and Curtis, 1941) was used rather than the otherwise more 
appropriate cur/e for a uniform current density (Fig. 5 of that paper). 

The curves of Fig. 2 exhibit the same characteristics as the squid axon 
membrane potentials (Cole and Curtis, 1941) and Sepia axon potentials (Ar- 
vanitaki, 1939). During current flow at the anode, the damping and conse- 
quently the effective time constant during the rising phase of the potentials 
increase with increasing current, and the final steady levels of potential in- 
crease more rapidly than the applied currents. The cathode potentials show 
progressively less damping until they are under-damped and oscillatory with 
the steady levels of potential rising less rapidly than the applied currents. 
The qualitative agreement between these rather crude calculations and tlie 
experimental results is sufficiently good to be considered as additional evidence 
that the electrical picture of the membrane given in Fig. 1 is essentially correct. 
It is certainly indicated that the Sepia axon membrane is a rectifier. In view 
of the direct evidence for the squid axon and the similarity of the behavior of 
the Sepia it is difficult to believe that the Sepia membrane does not have a 
similar inductance element. There is, however, a discrepancy in the frequency 
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of the oscillations. For a zero membrane resistance the potentials will have 
a maximum frequency given by i^o = l/2ir \/ZC. Using the values of one 
microfarad/cm.* obtained from the transverse impedance measurements and 
the one-fifth henry cm.* from the longitudinal measurements, we find a fre- 
quency, Vo = 330 cycles/second. The Sepia data give somewhat lower 
frequencies, as would be expected because of the damping, but the data of Fig. 
2 (Cole and Curtis, 1941) give nearly 500 cycles. Until the reasons for this 
difference are dear or until all of the necessary measurements can be made on a 
single axon, it will be assumed that this lack of aglreement is within the range of 
variability of the axons and their properties under experimental conditions. 



Fig. 2. Approximate graphical calculation of subthreshold potentials from meas- 
ured membrane diaracteristics. Changes of membrane potential, at anode and 
cathode, vs, time, 7', after the application of constant currents of 0.25, 0.5, and 1.0 
rheobase. Increase of potential at anode is upward. 

The most striking oscillations of potential have been obtained by Arvanitaki 
(1939) in partially decalcified preparations. With decreasing calcium, the 
damping with an applied current is decreased. In the extreme case the 
damping has become zero or slightly negative, with no applied current. The 
oscillations of potential are then spontaneous and they increase in amplitude 
until excitation occurs. It will be particularly interesting to know whether the 
entire form of the rectification curve of the membrane is changed or only the 
point on the curve corresponding to zero current flow is altered under these 
conditions. 


Short Pulse 

This formulation of the electrical properties of the membrane should be 
equally applicable to the measurements of Hodgkin (1938) on the subthreshold 
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potential changes in the isolated single crab axon with the application of a 
short shock, and those of Pumphrey, Schmitt and Young (1940) on the squid 
axon. However this is apparently not the case since the approximate integra- 
tion of equation (2) used above does not give the characteristic responses found 
by Hodgkin. This is evidence that the equivalent circuit of Fig. 1 is not 
adequate for this preparation and experiment. If the circuit also fails to 
represent the behavior of the squid axon after a short shock, it follows imme- 
diately that the actual and calculated membrane potentials do not agree during 
the initial phases of the application of a constant current. However, as has 
been pointed out, the amplifier characteristics have obscured the actual be- 
havior of the membrane potential at short times (Cole and Curtis, 1941), and 
this prediction cannot be verified from the present records. But Hodgkin’s 
records make it rather probable that the simplifications of either the circuit, or 
the calculations, or both, are not slw 2 Lys justified. 

Electrotonic Potential 

Suppose that an axon is in a moist chamber, or in a medium restricted b> a 
close-fitting insulating trough, with two very narrow electrodes applied some 
distance apart. At the first instant that a direct current is applied, the entire 
membrane current will flow through the capacity because the rectifier and 
particularly the inductance very effectively oppose a sudden charge of current 
in that branch. The membrane current density at the first instant, although 
theoretically infinite under an electrode will decrease symmetrically on each 
side of the electrode and the distribution at the other electrode will be identical 
except for sign. As time goes on, the current is increasingly transferred from 
the condenser to the inductance-rectifier branch until, when a steady state is 
reached, the current is entirely governed by the rectifier. The current flow 
near the anode is entirely inward and consequently the membrane resistance 
is increased in this region. Since the current and voltage are no longer chang- 
ing with time, equation (3) reduces to Vm = R{im)imf and now we may calculate 
the membrane current density at different distances from each electrode by the 
data of Fig. 4 (Cole and Curtis, 1941) in a manner analogous to that used in 
determining the membrane potential as a function of the^ current density. 
This leads to the results shown in Fig. 3 for three values of anode and cathode 
current. Quite apart from the analysis, the underlying development of these 
current distributions is easily seen qualitatively. A small current from the 
anode increases the membrane resistance inunediately under the electrode and 
so tends to divert the current from this region. As the current is increased it 
must spread farther along the axon before it can penetrate with reasonable 
ease. At the cathode the situation is reversed, because the decreased resistance 
under the electrode reduces the necessity for the current spread that would 
otherwise take place, and the current concentration becomes rela tively larger 
the higher the current. Then the characteristic length, X = \/R/(ri + n) 
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may not be a fixed and invariable property of any axon in a steady state as has 
usually been assumed in theories of excitation and propagation. 

It has been known since the time of Pflilger that anelectrotonus had a some- 
what wider spatial distribution than catalectrotonus, and if the electrotonus is 
directly related to the membrane current flow, this is evidence to indicate that 
other an>n membranes also have rectification properties. 

Propagated Impulse 

Turning now to the propagated impulse, we 'may reconsider the difficulties 
in correlating the phenomena during the rising phase. As has been pointed 
out (Cole and Baker, 1941a), the outward current flow during the foot of the 
action potential should produce an impedance decrease if the common assump- 



FIg. 3. Steady state membrane current density, ordinate, for narrow electrodes 
and currents of 0.25, 0.5, and 1.0 rheobase, calculated from measured membrane 
characteristics. The unit of distance, abscissa, is the characteristic length for small 
current. 

tion of an increased ion permeability of a membrane under a cathode is valid. 
However, the impedance change was negligible before the point of inflection 
(Cole and Curtis, 1939) althou^ the steady state effect of current flow was as 
predicted (Cole and Baker, 1941a). The contradiction then remains on the 
basis of a capacity-resistance membrane structure and the effect of the in- 
ductance element should be considered. 

The foot of the action potential has been foimd to be accurately exponential 
in form in Nitdla (Cole and Curtis, 1938) and in the squid axon (unpublished 
experiments), and this form is to be expected, in a capacity or capacity-re- 
sistance membrane, ahead of a sudden partial short circuit of the membrane 
moving with a constant velocity along the axon (Cole and Curtis, 1938). We 
may now extend this calculation to include any form of membrane impedance 
so long as it is linear; if the effect of the rectification may be i gno red. 
«Thus the observed eiqwnential form agrees with the impedance observations 
in requiring that the membrane rectification is not involved in the foot of the 
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action potential. But this requirement can only be met if both the potential 
difference across, and the current flow through, the rectifier element are so 
small that its non-linear characteristics are negligible. Subject to verification, 
we may assume the resistance of Fig. 1 to be linear and to ^ve a value of 300 
ohm cm.^ and calculate the potential and current during the foot of the action 
potential. For the membrane capacity, we have the current /« = C 
and if 7 = 7o during this period, = CV/r where r is the time constant 
of the action potential foot. For the inductance-resistance arm of the circuit, 
V = RIr + L dim fdtj from which Ir = V/{R + £/t). Then when r = 10^ 
sec., r/C = 100 ohms and L/r « 2000 ohms. Thus we see that only 5 per 
cent of the total current flows through the resistance and inductance arm and 
that only about 15 per cent of the action potential is across the resistance. If 
the action potential is 50 mv. and the point of inflection is at 25 mv., the capac- 
ity current at this time will be 250 fjt amp./cm.* The current density through 
the rectifier will be about 12 n amp./cm.^ at this time and the potential across 
it will be about 3.6 mv. From Fig. 5 (Cole and Curtis, 1941) it is seen that 
these values of current and potential difference lie so near the origin that the 
potential difference is practically proportional to the current. Since ti^e 
membrane has not entered the non-linear range it may be considered as a simple 
resistance. With the current flow in this arm and potential difference across 
the resistance small, we must conclude that the inductive element effectively 
removes this arm from participation in the foot of the action potential. For 
slow changes, on the contrary, we may expect the inductance to become less 
effective and allow a larger potential difference and current flow for the rec- 
tifier element. These conclusions find considerable confirmation in unpub- 
lished records of the form of the action potential during passage through a 
polarized region. It has been found that the time constant of the foot of the 
potential remains the same for anodic and cathodic current flow as the un- 
polarized axon. Also, the recovery of polarized nerve is slower under the 
anode and faster under the cathode than normal, but the effect of change of 
velocity of propagation has not been investigated. 

After the application of a constant current, it would be expected that the 
paths of the current would vary in a similar manner. The cjirrent flow through 
the inductance and rectifier should be negligible at the start and pass through a 
point of inflection as it builds up to the steady state value. The impedance 
of the membrane should then show similar characteristics as the current flow 
modifies the apparent resistance of the rectifier, and a few unpublished records 
of the impedance change during current flow show the expected characteristics. 

Thus we may conclude that, on the basis of the evidence available, there is 
good reason to believe that the equivalent circuit of Fig. 1 is an adequate corre- 
lation and representation of the observed characteristics of the squid axon with 
the subthreshold potentials at intermediate and long times. At short tihies 
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the computations are certainly unsatisfactory, and it is also quite probable 
that we have here additional evidence that the simple circuit is not a complete 
representation of the membrane. 

Threshold and ExcUabUUy 

So far, attention has been centered on subthreshold potentials during current 
flow and the foot of the action potential as measured independent of excitation, 
and a considerable degree of consistency has been found, along with a number 
of unsatisfactory aspects. The temptation, however, is very strong to ignore 
the diflSculties for the present and turn to excitation. This work is only a 
preliminary step in the description of nerve function until it can be extended 
to include excitation and propagation phenomena. The qualitative description 
of these phenomena in terms of a membrane breakdown has been so satis- 
factory that it is certainly not expedient to desert this picture until it can be 
shown necessary to do so. We may then expect that the two crucial steps in a 
quantitative description of the phenomena are (1) the conditions for this 
breakdown to occur, and (2) the nature of the breakdown. But it must be 
admitted at the present time that there is no satisfactory description of either 
of these two steps. As a consequence it has been necessary, in order to formu- 
late the initiation and propagation of the nerve impulse mathematically, to 
make largely unsupported assumptions as to the nature of these two steps. It 
Is possible to assume a variety of membrane circuits and assume that a critical 
charge, potential difference, or current flow, etc., in any of the elements will 
result in a change in one or more of the elements of capacity, resistance, in- 
ductance and E.M.F. It has been shown that several combinations of these 
a priori possibilities can indeed describe various nerve phenomena rather well, 
but it seems certain that many other — ^although perhaps intuitively less 
satisfactory — permutations of assumptions may do equally well. 

We should, therefore, not consider these comparatively specific theories in 
detail but go back to the experimental data which they attempt, more or less 
successfully, to correlate. Almost without exception these data have been 
data of excitation and it appears to have been too optimistic to hope that it 
would have been possible to determine both the structural and the functional 
characteristics of nerve from these functional data alone. 

These functional data, however, are the backbone of classical electrophysiol- 
ogy of nerve, and they form a self-consistent picture as pointed out qualita- 
tively by Cole (1933 i). The quantitative correlations were carried out by 
Rashevsky, 1933, Monnier, 1934 and Hill, 1936 as two factor theories in which 
one of the factors, U, tended towards the excitation and the other, F, away 
from it. All the formulations may be considered as special cases of general 
equations set up by Young (1937) 
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-f- - + *uV + a,/ 

of 

— ktiU + knV <hli 


( 6 ) 


where I is the stimulating current, at and at are constants, and the Vs are 
velocity coefficients, from which the two time constants may be derived. 
These equations have been considered from a general conventional mathe- 
matical viewpoint by Young, but we may consider them in a more informal 
manner since it has usually been assumed that excitation is governed only by 
the difference — Y = d, which we may call the excitability. 

The two simultaneous first order equations (6) may now be replaced by a 
single second order equation (Forsythe, 1921^) as was mentioned by Rushton 
(1937a'^ for the form considered by Hill. Then equations (6) may be put in 
the form (Parrack, 1940) 

do 

~ — (^11 + kfd j + (^ 11 ^ — kitkn)0 
dfl at 

(7) 

■■ (oi — tfj) j — [(^11 + kiaDdi — (^11 + 


This equation correlates a vast amount of data as reviewed by Katz (1939) 
for various forms of electrical stimuli, square pulse, condenser discharge and 
charge, and alternating current. However, a difficulty arose when an oscil- 
latory excitability was found for a single frog fiber by Erlanger and Blair (1936). 
This phenomenon was investigated in more detail and particularly in relation 
to nerve calcium and alternating current threshold by Monnier and Copp6e 
(1939) and it was concluded that one of the two time constants in Monnier 's 
formulation would have to be a complex quantity. 

It can be shown quite generally that under certain conditions U and V may 
be oscillatory (Forsythe, 192P), and these conditions have been applied to 
population problems by Lotka (1925^) and repetitive discharge by Householder 
(1939). Considering only the excitability, it is seen that equation (7) has an 
oscillatory solution when ku and kti are of opposite sign «ind — A 22 )® < 
4^12*21. These are then the conditions for complex time constants in the sense 
of Monnier and Copp4e and in other cases the time constants are real. Thus 
we see that equation (7) for the excitability of a nerve can represent a very 
considerable amount of the available data. 

1 Page 350. 

* Page 342. 

»Page 78. 
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If we now may represent the axon membrane by a capacity, inductance, and 
constant resistance, the relation between the potential difference across it, F, 
and the current, /, given by equation (1), is 


dfi ^ L d$ 



Cdi^LC 


( 8 ) 


This equation ha s an oscillatory solution when R < T^y/LjC^ and two real 
time constants for R > 2y/LIC* The similarity of equations (7) and (8) is 
highly suggestive, and one is tempted at this point to identify the excitability 
B with the membrane potential, F, and combinations of the k and a coeffi- 
dents with JC, Z, and C. It is obviously possible to replace the various quanti- 
ties and coeffidents defined only by exdtation measurements with constants 
which are physically defined and measured without reference to excitation. 
Then all data which are represented by equation (7) may be represented 
equally well by equation (8) if the numerical values of R, Z, and C will permit. 

It has long been a favorite assumption that excitation took place when a 
threshold change of the membrane potential occurred. Qualitative support 
for this assumption is seen in the records of the potential following the applica- 
tion of a constant stimulus. As the threshold is reached the action potential 
appears to begin at the time of the first minimum of the subthreshold potential 
(Cole and Curtis, 1941). The recent investigation by Pumphrey, Schmitt, 
and Yoimg (1940) of the exdtability and local potential following short shocks 
also indicates a dose correlation between these two quantities. Consequently 
we are entirely justified in assuming a dose relation between the two, but for 
the present it is not certain that a simple proportionality applies for all types 
of stimulation. Furthermore in repetitive response to a constant stimulus the 
successive excitations take place at approximately the times when the succes- 
sive maxima of the subthreshold potential would be expected (Arvanitaki, 
1939). However, sufficient data are not available in such experiments to 
satisfactorily define the time at which excitation takes place and determine the 
membrane potential at that point. 

On the other hand, in the propagated impulse it does seem very plausible 
that excitation takes place at about the point of inflection of the rising phase 
of the action potential, and it has often been assumed that a threshold change 
of membrane potential has occurred at this point. From unpublished records 
of the membrane potential during the passage of an impulse through a polarized 
region there is evidence that the potential at the point of inflection depends 
upon the polarizing current and also that the difference between this potential 
and the steady state potential depends upon the current. In other words, it 
has not yet been possible to find any membrane potential or change of mem- 
brane potential having a value at the point of inflection which is independent 
of the polarizing current. 
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Although equation (8) may be solved for all possible forms of at-tmninting 
current, the general features are most ea^y seen for altonating current stimula- 
tion. The current necessary for a constant value of the potential difference 
may be computed directly as a function of frequency from equation (8). It 
is also proportional to the reciprocal of the absolute value of the of 

the equivalent circuit of Fig. 1. The memb rane impedance has a maTimiiTn 
for all values of the damping, i; — Ry/c/L, less than 0.7 and at a frequenqr 
below the natural undamped frequency 1/2 ry/LC as seen in Figs. 3 b, 5, and 
7 of the previous paper (Cole and Baker, 1941 b). An optimum frequency for 
excitation is then to be expected somewhat below 330 cycles for the squid ? Tnn 
membrane. Adequate data are not available, but preliminary results between 
150 cycles and 200 cycles at least indicate that the orders of magnitude of the 
membrane capacity, C, and inductance, L, are correct. 

The excitability oscillations at a frequency of 200 cycles (Erlanger and 
Blair, 1936; Monnier and Copp6e, 1939) and optimum frequency for alternating 
current excitation from 100 to 250 cycles (Katz, 1939; Monnier and Copp6e, 
1939} for the frog sciatic nerve are too near the region of the undamped natural 
frequency of the squid membrane to be ignored. This approximate agree- 
ment may certainly be taken as an indication that the electrical structure of 
the two nerves may be similar. 

It has usually been found that the threshold alternating current stimulus, 
as a function of the logarithm of the frequency, was symmetrical with respect 
to the optimum frequency. This characteristic is dependent upon the pres- 
ence of complete accommodation, which means that the coefficients of the 
current, I, in equations (7) and (8) must be zero (Parrack, 1940). Since no 
evidence of incomplete accommodation was found in the two squid axons tested, 
it is again apparent that the simple circuit of Fig. 1 is not adequate on the basis 
of the present assumptions. 

However interesting as this comparison may be, it cannot be taken too 
seriously. From a rigorous point of view it probably must be regarded at 
present as coincidental and fortuitous. In the first place the excitability 
equation (7) takes into account distributed effects and the variation of mem- 
brane current flow at and near the electrodes, while the pqtenti?! equation (8) 
applies only to a uniform current density. In the second place, the potential 
equation (8) does not take into account the rectifier characteristic of the 
membrane. Thirdly, a variety of observations indicate that a liminal change 
of membrane potential is not the necessary and sufficient condition for excita- 
tion. When it becomes possible to make calculations from equations (4), 
(5), and (6) and more complete information on excitation is available, we shall 
be in a better position to judge the extent to which the physical data may 
explain the phenomenological formulation of excitability. 



46 


SECTIFICATION AND INDUCTANCE IN SQUID GIANT AXON 


It is interesting to note that the two factor theories have been created for the 
sole purpose of explaining the behavior of nerve at relativdy long times as 
compared with chronaxie or excitation time, and that a linear relation between 
cause and effect has been assumed here as well as for short times. The elec- 
trical measurements, however, indicate a non-linear element which probably 
becomes a controlling factor at long times but is relatively unimportant, as 
we have seen, at short times. However, the excitability data may not be 
symmetrical for anode and cathode (Parrack, 1940) although this asymmetry 
is much less than is found for the membrane potential or calculated by integra- 
tion of the rectifier equation (2). Mention has already been made of the rela- 
tive spread of steady state electrotonus at the anode and cathode (p. 39). 

As a basis for calculation, Rushton (1937 b) and Offner, Weinberg, and Young 
(1940) have each explicitly assumed a membrane structure, and a condition 
and nature of excitation which are equivalent. On the basis of these assump- 
tions, Rushton found it necessary to have a minimal length of the axon fulfill 
this excitation condition before an impulse could be propagated. As soon as 
it is recognized that there can be a departure from the resting or linear proper- 
ties of the axon membrane before excitation takes place, the minimal length 
becomes difficult to specify exactly. It is quite possible that this length is an 
equivalent of the region over which the requisite non-linear change has taken 
place without excitation. Similarly, we may expect to find that the non-linear 
responses of Pumphrey, Schmitt, and Young (1940), which they referred to as 
physiological, are to be related to the electrical non-linearity of the membrane. 
A considerable amount of experiment and careful theory, taking into account 
the capacity, rectification, and inductance, will be necessary to verify such 
suggestions. 

Until reasonably detailed calculations have been carried out, it is unsafe to 
predict the performance of the equivalent circuit for high frequency currents 
at and near the thresliold for excitation. It may, however, be expected, 
optimistically perhaps, that, as has been suggested, the membrane rectification 
plays a considerable r61e in these various phenomena (Gildemeister, 1930; 
Katz, 1937; Rosenbleuth, Reboul, and Grass, 1940). For example, the con- 
siderable delay in the appearance of excitation at high frequencies would be 
explained by a rectification which allowed an average cathode direct current 
to flow across the membrane under the electrode. This current might be 
expected to build up at a rate determined largely by the natural frequency and 
damping of the membrane until the threshold was reached. It is obvious, 
however, that we cannot expect this characteristic at one electrode and not at 
the other. Consequently, this postulated average cathode current is a local* 
rather than an external current and there must be nearby anode regions and 
perhaps even more distant alternating cathode and anode regions. Under 
some conditions the anode regions may have so high a current' density as to give 



KENNETH S. COLE 


47 


the alternating current blocks of conduction which have often been observed, 
and it is then completely consistent to have the well known ‘Tbreak*' excitation 
from this region when the alternating current is stopped. 

DISCUSSION 

In the first place it is interesting to consider the lack of earlier direct evidence 
for rectification and inductance elements in nerve. If these elements are 
present in other nerves, the usual small size of the axons is probably the most 
important obstacle to their measurement. The measurements must be made 
at low frequencies or long times, relatively speaking, to avoid having the 
membrane capacity carry too large a fraction of the membrane current. The 
membrane then presents so high an impedance that the current will flow almost 
entirely in the extra-cellular fluids unless a large area of membrane is exposed 
and the alternative paths are reduced to a minimum. These requirements are 
most easily approached by a large single axon such as Young's squid giant axon 
preparation. However, transverse impedance measurements on this axon 
failed to give any indication of an inductance or even a finite membrane re- 
sistance because there was so much fluid surrounding the axon that the mem- 
brane current at the low frequencies was negligible with the measuring 
sensitivity available. This difliculty is greatly reduced in the longitudinal 
measurements because a relatively large proportion of the electrode current 
crosses the membrane. However, rectification was not found in the investiga- 
tion of membrane resistance by direct current longitudinal measurements 
(Cole and Hodgkin, 1939) where one might have expected a change of resistance 
with current strength. The decrease of resistance at the cathode certainly 
compensated for the increase at the anode to some extent in these experiments, 
and the net result of these two effects may be calculated from the data of Fig. 
5 (Cole and Curtis, 1941). The total current flow through the membrane is 
given by ij - + r 2 )]fo, where io is the electrode current, and ri and 

are the external and internal resistances per unit length. The apparent re- 
sistance of the membrane for one electrode, rm = Vm/U, where Vm is the change 
of membrane potential, is calculated as the function of the cathode current 
given in Fig. 4. The membrane current flow for the second^electrode is in the 
oppx>site direction, giving the anode curve. For the two membranes in series 
we then have the sum of the two individual resistances as shown by the third 
curve. The change of resistance with current for the membranes alone is 
about 10 per cent, but when the internal and external resistances are included 
the maximum variation of the measured resistance predicted for a 1 cm. inter- 
polar distance is about 1 per cent. Not only is this within the limits of meas- 
urement but the currents considered here are much larger than those used by 
Cole and Hodgkin. Furthermore, in preliminary experiments on the squid 
axon with one killed end, the variation of the longitudinal direct current re- 
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sistance with the magnitude and direction of the current has been measured 
(Guttman, unpubliidied). 

Since the membrane circuit discussed is admittedly inadequate, a few of the 
more obvious defects may be pointed out. The membrane electromotive 
force has been assumed constant and is therefore omitted except insofar as it 
appears in the rectifier clement. The capacity, for example, has been ade- 
quately demonstrated to have considerable dielectric loss, which is ignored for 
simplicity. The inductance is treated as independent of frequency but this 
cannot be verified until the complicated effect of dielectric loss is adequately 



Fig. 4. Effective resistance of axon membrane, vs, total measuring current, 
/o, for anode and cathode separately and in series. 

calculated. Also, both the capacity and inductance are assumed to be quite 
invariable. This seems to be justified for the capacity, but there is little 
evidence as yet concerning the stability of the inductance. Turning to the 
rectifier, it has been noted that the theoretical impedance loci for the circuit 
shown in Fig. 1 are only in qualitative agreement with the measurements. A 
decrease of the resistance should decrease the damping and so increase the 
inductive reactances at low frequencies. But it was found that the inductive 
reactance decreased as the direct current resistance of the axon membranes 
decreased when they deteriorated and lost excitability. 

The measurements of the changes of transverse impedance during current 
flow and the membrane potential during current flow have given similar rec- 
tification characteristics for the membrane. The membrane potential was 
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considered under the direct current steady state conditions in which the in- 
ductance would have no effect, but the transverse impedances were measured 
at frequencies of 2 kilocycles and higher. Under these conditions, the effect 
of a rectifier placed as indicated in Fig. 1 would be considerably reduced by the 
inductance and consequently dependent upon the frequency, but the measure- 
ments were interpreted on the basis of a frequency independent rectifier element 
in parallel with the capacity. The addition of such an element in the circuit 
of Fig. 1 will lessen or alleviate some of these inconsistencies, but more ade- 
quate experimental data are needed to specify such an additional factor defi- 
nitely and justify the increased complexity of analysis. 

The corollaries of a piezoelectric membrane structure must not be over- 
looked. If an applied potential difference can deform the membrane, the 
action potential should have a similar effect. In either case a change of the 
membrane double refraction is to be expected, but careful experiments by 
Schmitt and Schmitt (1940) failed to show such an effect during the passage 
of an impulse in the squid axon. It is of course possible that the axon mem- 
brane is too thin for such observations, but this can only be conjecture at present. 
On the other hand, if a potential difference can deform the membrane, a defor- 
mation can change the potential difference. If there is a threshold potential 
difference for excitation there should also be a threshold mechanical deforma- 
tion with similar temporal characteristics. Mechanical excitation of nerve 
has long been known, but it has been difficult to measure experimentally. 
None the less the temporal characteristics as exhibited by the strength-dura- 
tion curve (Blair, 1936) are at least in the same general range as for electrical 
excitation. 

It has already been mentioned that simple calculations of the potential after 
a short pulse of current applied to the circuit of Fig. 1 do not agree with the 
observations on crab and squid axons. Also the excitation characteristics to 
be expected from this circuit do not include the case of complete accommoda- 
tion which has usually been treated theoretically and investigated experi- 
mentally. These defects may well be results of the over-simplification of the 
membrane properties which has been made. Preliminary measurements and 
calculations indicate that the modifications of the memlyane rircuit which 
are needed to explain the impedance measurements more satisfactorily arc in 
the proper direction to reduce the discrepancies between the observed and 
predicted potentials and excitabilities. 

Measurements of a range of forms have revealed a considerable consistency 
in the value of the membrane capacity and in a few cases it has been found also 
that this capacity is quite independent of the physiological function and condi- 
tion of the cell. The reasonable conclusion is then that the capacity represents 
a highly constant and inert structure of the membrane. It has been found 
that a number of under- and over-damped oscillatory nerve phenomena occur 
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in the range from 100 to 500 cycles and an inductance has been shown to 
an essential element in squid axon structure. If this element also appears in 
frog and Sepia axons, the order of magnitude of the inductance will be the same 
as for the squid, for a variety of conditions and experiments. It would then 
seem very likely that all of these and probably other nerve phenomena are 
dependent upon a membrane inductance and that this inductance is at least as 
constant and inactive as the membrane capacity. It is much too early to 
predict that an inductance is a characteristic of a nerve membrane, much less 
of all cell membranes, for it could conceivably be the distinguishing character- 
istic of membranes having a propagated activity. 

SUMMARY 

Previous measurements have shown that the electrical properties of the 
squid axon membrane are approximately equivalent to those of a circuit con- 
taining a capacity shunted by an inductance and a rectifier in series. Selec- 
tive ion permeability of a membrane separating two electrolytes may be 
expected to give rise to the rectification. A quasi-crystalline piezoelectric 
structure of the membrane is a plausible explanation of the inductance. Some 
approximate calculations of behavior of an axon with these membrane char- 
acteristics have been made. Fair agreement is obtained with the observed 
constant current subthreshold potential and impedance during the foot of the 
action potential. 

In a simple case a formal analogy is found between the calculated membrane 
potential and the excitability defined by the two factor formulations of excita- 
tion. Several excitation phenomena may then be explained semi-quanti- 
tatively by further assuming the excitability proportional to the membrane 
potential. 

Some previous measurements and subthreshold potential and excitability 
observations are not consistent with the circuit considered and indicate that 
this circuit is only approximately equivalent to the membrane. 

REFERENCES 

Arvanitaki, A., 1939, Arch, itU, physiol,^ 49, 209. 

Blair, H. A., 1936, Am. J. Physiol.^ 114, 586. 

Blinks, L. R., 1930, /. Gen. Physiol., 14, 127. 

Cole, K. S., 1928, J. Gen. Physiol., 12, 29; 1933a, Cold Spring Harbor symposia on 
quantitative biology. Cold Spring Harbor, Long Island Biological Association, 
1, 107; 19336, Cold Spring Harbor symposia on quantitative biology. Cold 
Spring Harbor, Long Island Biological Association, 1, 131; 1937, Tr. Faraday 
Soc., 83, 966; 1940, Cold Spring Harbor symposia on quantitative biology, Cold 
Spring Harbor, Long Island Biological Association, 8, 110. 

Cole, K. S., and Baker, R. F., 1941a, /. Gen. Physiol., 24, 535; 19416, J. Gen. Physiol., 
24, 771. 



KENNETH S. COLE 


SI 


Cole, K. S., and Curtis, H. J., 1938, 7. Gen, Physiol,^ 22, 37; 1939, 22, 649; 1941, J. 
Gen. Physiol., 24, 551. 

Cole, K. S., and Hodgkin, A. L., 1939, J, Gen. Physiol., 22, 671. 

Erlanger, J., and Blair, E. A., 1936, Am. J. Physiol., 114, 328. 

Forsyth, A. R., 1921, A treatise on differential equations, London, Macmillan. 
Gildemeister, M., 1930, Ber. Verhandl. sdchs. A had. Wissensch. Leipzig, 81, 303. 

Hill, A. V., 1936, Proc. Roy. Soc. London, Series B;119, 305. 

Hodgkin, A. L., 1938, Proc. Roy. Soc. London, Series B, 126, 87. 

Householder, A. S., 1939, BuU. Math. Biophysics, 1, 129. 

Katz, B., 1937, Proc. Roy. Soc. London, Series B, 124, 244; 1939, Electric excitation 
of nerve, London, Oxford University Press. 

Langmuir, I., 1938, J. Chem. Physics, 6, 873. 

Lotka, A. J., 1925, Elements of physical biology, Baltimore, The Williams & Wilkins 
Co. 

Monnier, A. M., 1934, L’excitation 61ectrique des tissus, Paris, Hermann. 

Monnier, A. M., and Coppee, G., 1939, Arch. ini. physiol., 48, 129. 

Mueller, H., 1939, Physic. Rev., 66, 792. 

Norton, F. J., 1939, Physic. Rev., 66, 668. 

Offner, F., Weinberg, A., and Young, G., 1940, Bull. Math. Biophysics, 2, 89. 

Parrack, H. O., 1940, Am. J. Physiol., 130, 481. 

Pearson, G. L., 1940, Bell. Lab. Rec., 19, 106. 

Pumphrey, R. J., Schmitt, O. H., and Young, J. Z., 1940, J. Physiol., 98, 47. 
Rashevsky, N., 1933, Protoplasma, 20, 42. 

Roaenbleuth, A., Reboul, J., and Grass, A. M., 1940, Am. J. Physiol., 130, 525. 
Rushton, W. A. H., 1937a, Proc. Roy. Soc., London, Series B, 123, 382; 1937ft, Proc^ 
Roy. Soc. London, Series B, 124, 201. 

Schmitt, O., 1936, Cold Spring Harbor symposia on quantitative biology, Cold 
Spring Harbor, Long Island Biological Association, 4, 7. 

Schmitt, F. O., and Schmitt, O. H., 1940, J. Physiol., 98, 26. 

Young, G., 1937, Psychometrika, 2, 103. 




THE EFFECT OF CALCIUM AND OTHER IONS ON THE 
AUTOCATALYTIC FORMATION OF TRYPSIN 
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The effect of salts upon the formation of trypsin from its inactive precursor, 
tiypsinogen, has been extensively studied. Delezenne (1905), Zunz (1906, 
1907), Ayrton (1909), Meyer (1910), and Wohlgemuth (1912) showed that the 
spontaneous activation of fresh pancreatic juice or extracts of fresh pancreas 
was hastened upon the addition of calcium or other alkaline earth ^ts, the 
former being most effective. De Sonza (1908) and Mellanby and Woolly 
(1913) considered that the accelerating action of calcium ssdts was due to 
neutralization since the amount of calcium chloride required corresponded 
closely with that necessary to precipitate the carbonate of the pancreatic juice. 
Th^ found that barium and strontium chloride or neutralization with hydro- 
chloric acid was equally as effective as calcium chloride. Waldschmidt-Leitz 
(1924), on the other hand, was unable to show any increase in spontaneous 
activation with calcium salts. More recently Farber and Wynne (1935) found 
that the activity of imptue pancreatic proteinase was definitely stimulated by 
calcium salts but thou^t it possible that this increase in activity was due to the 
removal of inhibitors. The contradictory results found in the literature are 
undoubtedly due both to the impure materials and to the diversity of the con- 
ditions used. This paper is a summary of an extensive study* of the effect of 
salts on the autocatalytic formation of trypsin from purified cr 3 rstalline tryp- 
sinogen. 

Cr 3 rstalline trypsinogen and trypsin have been isolated from beef pancreas 
by Kunitz and Northrop (1934, 1936). Th^ found that a solution of ciystal- 
line trypsinogen containing a trace of trypsin was gradually changed into tryp- 
sin in the pH range of 5.0 to 9.0. The reaction, however, was incomplete. 

* Dissertation submitted by Margaret R. McDonald to the Graduate Faculty of 
Rutgers University, June, 1940, in partial fulfilment of the requirements for the de- 
gree of Doctor of Philosophy. 
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This was found by Kunitz (1939) to be due to another reaction occurring during 
the process of formation of trypsin, namely the transformation of part of the 
trypsinogen into an inert protein which could not be changed into trypsin by 
any of the known means. The experimental curves for the rate of formation 
of trypsin as well as for the rate of formation of inert protein were found to be 
symmetrical S-shaped curves closely resembling those of simple autocatalytic 
reactions. The kinetics of the formation of trypsin and of inert protein from 
trypsinogen could be explained quantitatively on the theoretical assumptions 
that both reactions were of the simple unimolecular t 3 q)e, that in each case the 
reaction was catalyzed by tr 3 rpsin, and that the rate of formation of each of the 
products was proportional to the concentration of trypsin and to the concen- 
tration of tr 3 q>sinogen in solution. During the process of formation of trypsin 
and inert protein the ratio of the concentrations of the two products in any 
given reaction mixture remained constant, was equal to the ratio of the velocity 
constants of the two reactions, and was independent of the original concen- 
tration of trypsinogen. 

The present studies show that salts influence the transformation of tryp- 
sinogen into trypsin in one of the following ways. 

(a) Increasing both the rate of formation of trypsin and the rate of forma- 
tion of inert protein, (i) Decreasing both the rate of formation of trypsin and 
the rate of formation of inert protein, (c) Increasing the rate of formation of 
tiypsin and decreasing the rate of formation of inert protein, (d) Decreasing 
the rate of formation of trypsin and increasing the rate of formation of inert 
protein. 

The effect of salts upon the ultimate amounts of trypsin and inert protein 
formed depends upon the relative influence of the various ions on the rate of 
both reactions since the final amounts of the products formed depend on the 
ratio of the velocity constant, Ki, for the formation of trypsin to the velocity 
constant, K 2 , for the formation of inert protein. The influence of salts is 
due to both the cation and the anion; the chemical nature of the ions is more 
important than their valency. 

The behavior of the calcium ion is particularly striking since it inhibits com- 
pletely the formation of inert protein even in concentrations as low as 0.02 
M with the result that the trypsinogen is converted quantitatively into trypsin. 
In the presence of calcium salts, therefore, the transformation of trypsinogen 
into trypsin by means of trypsin follows the course of a simple unimolecular 
autocatalytic reaction. 

The ions studied may be arranged in the following approximate series, the 
first members in each group having an increasing and the last members a 
decreasing effect. 
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A, JEiffea on the Rak of FomtOion of Trypsin 


Anioni 

Catloni 

Sulfate, dtrate, oxalate, tartrate, acetate 

Calcium 

Fluoride, chloride 

Strontium 

Bromide 

Barium, magnesium 

Isfitrate 

Sodium 

Iodide 

Lithium 

Potassium, ammonium 

Rubidium 

Caesium 


B. Effect on the Rate of Formation of Inert Protein 


Aniom 

CatioDB 

Iodide 

Barium 

Nitrate 

Magnesium 

Tartrate, citrate, bromide 

Lithium 

Oxalate, acetate, sulfate 

Potassium 

Chloride 

Sodium 

Fluoride 

Ammonium, rubidium, caeuum 

Strontium 

Calcium 


C, Eject on the Ultimate Percentage of Trypsinogen Changed into Trypsin 


Asiong 

CatioDB 

Acetate, sulfate, oxalate, citrate, tartrate, fluo- 

Calcium 

ride, chloride 

Strontium 

Bromide 

Magnesium, sodium 

Nitrate 

Rubidium, ammonium, lithium, potassium 

Iodide 

Caesium, barium 


EXPERIMENTAL 

General Procedures 

The methods used for the study of the formation of trypsin and of inert protein 
from trypsinogen were those previously described (Kunitz, 1939). Crystalline tryp- 
sinogen was prepared from extracts of fresh beef pancreas by the method of Kunitz 
and Northrop (1936), further purified and freed from inhibitor by precipitation with 
trichloracetic acid, and dialyzed against 0.005 m phosphoric acid. Complications due 
to protein hydrolysis were avoided by keeping all reaction mixtures at 5®C. The 
solutions were kept sterile by the addition of 0.1 ml. 1 per cent merthiolate in 1.4 per 
cent borax to each 100 ml. solution. Salts of Merck’s reagent grade were employed. 

The pH of each activation mixture was adjusted when necessary with phosphoric 
acid or potassium hydroxide. The measurements were made by means of a low re- 
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sistance glass electrode of the Mouquin and Garman type (1937). In the range of 
pH used the salt error was negligible (Gardiner and Sanders, 1937; Cranston and 
Brown, 1937; Dole and Wiener, 1937). In a comparison of measurements with the 
glass and hydrogen electrodes the maximum variation in pH observed was 0.04 with 
an average deviation of 0.02. 


EXPERIMENTAL RESULTS 

1. Effect of Ammonium Salts on the Autocatalytic Formation of Trypsin.— 
The experimental data for the transformation of trypsinogen into tr 3 ^in in 
various concentrations of ammonium salts are given in Figs. 1 a, 1 5, 1 c, 1 d. 
Fig. 1 a shows that not only does the rate of formation of trypsin increase with 
inrrftiinmg concentration of ammonium sulfate but that the final amount of 
trypsin formed is also greater. In the case of ammonium chloride (Fig. 1 b) 
the rate of formation of trypsin decreases with increasing concentration of 
salt while the final amount of tr 3 rpsin formed is practically the same. Increas- 
ing the concentration of ammonium nitrate (Fig. 1 c) decreases both the rate of 
formation of tryi>sin and the amount of trypsin formed. The rate of forma- 
tion of tr 3 ^in decreases with increasing concentration of ammonium acetate 
(Fig. 1 d) while the final amount of trypsin formed increases. 

The diversity in the results is due to the difference in the effect of the various 
ammom‘um salts not only on the velocity constant, iTi, for the formation of 
trypsin but also on Kt, the velocity constant for the formation of inert protein. 
The initial dopes of the curves are proportional to Kj while the percentage 

tiypsinogen ultimately changed into trypsin is equal to — y — X 100, where 

Ki 1 + ^ 

^ Xi* observed values for the percentage trypsinogen finally changed 

into trypsin and the calculated values* of Ki, Kt, and ^ are given in Table I. 

In the presence of ammonium sulfate both velocity constants at first decrease 
slightly and then increase rapidly as the concentration of salt increases. The 


* The velocity constants Ki and Kt for the formation of trypsin and inert protein 
respectively were calculated by means of the equations derived by Kunitz (1939), 
namely 

-i" Ki "" 2,3 m 


and 


2.3 m Ag — " Aq 


where m is the slope of the straight line resulting when the values of log 
plotted against /. 

Go, the original concentration of trypsinogen 
Ao, the original concentration of trypsin 
A, the concentration of trypsin at any time t 
and A 0 , the final concentration of trypsin. 


A,-- A' 
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effect is much greater on Ki, however, so that the ratio — and the final 

At 

amount of trypsin formed increases with increasing concentration of ammonium 
sulfate. 



Figs, la, 16, Ic, Id. Effect of various concentrations of ammonium salts on 
the formation of trypsin. Activation mixtures: various concentrations of ammonium 
salts in 0.1 m phosphate buffer pH 7.6 and containing 0.01 mg. tiypsinogen protein 
nitrogen per ml. 

The velocity constants, Ku and iTs, decrease with increasing concentration 
of ammonium chloride, the rate of decrease being the same for both reactions. 

sn 

The value of ^ is therefore unchanged and the percentage tiypsinogen changed 

Kt 

into trypsin is the same regardless of the concentration of ammonium diloride. 



trypsinojen chained into txypsin 





LS^ 



TABLE I 

Effect of Ammonium Salts 


MoUr concentration 


0 

0.1 

0.5 

1.0 

1.5 

2.0 

Salt 

pH 

Per cent trypsinoRen changed into trypsin 
(observed) 

Ammonium sulfate 

“ chloride 

“ nitrate 

“ acetate 

“ sulfate 

“ chloride 

“ nitrate 

“ acetate 

“ sulfate 

“ chloride 

“ nitrate 

“ acetate 

“ sulfate 

" chloride 

“ nitrate 

“ acetate 

7.3 

7.2 

7.3 
7.0 

7.3 

7.2 

7.3 
7.0 

i 

7.3 

7.2 

7.3 
7.0 

7.3 

7.2 

7.3 
7.0 

29 

31 

33 

42 

30 

31 

31 

48 

39 

32 

16 

59 

53 

30 

9 

63 

66 

30 

6 

71 

68 

30 

5 

71 

Ki (per mg. P.N. per day) 

89 j 
103 

87 

83 

83 

85 

63 

60 

92 

60 

26 

43 , 

235 

52 

16 

32 

1450 

52 

13 

24 

4850 

52 

10 

17 

Kt (per mg. P.N. per day) 

225 

230 

177 

114 

194 

187 

142 

66 

148 

131 

135 

33 

219 

120 

153 

18 

740 

120 

195 

10 

2210 

124 

197 

7 

Ki 

Kt 

0.40 

0.45 

0.49 

0.73 

0.43 

0.46 

0.44 

0.91 

0.62 

0.46 

0.19 

1.30 

1.07 

0.43 

0.10 

1.78 

1.96 

0.43 

0.07 

2.40 

2.19 

0.42 

0.05 

2.42 
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The final amount of trypsin formed from trypsinogen in the presence of 
ammonium nitrate decreases rapidly with increasing concentration of the 
salt since the velocity constant for the formation of trypsin decreases while the 
velocity constant for the formation of inert protein remains practically un- 
changed. 

Inoreasing the concentration of ammonium acetate increases the percentage 
trypsinogen changed into trypsin by decreasing Ks to a much greater extent 
than Ki. 



f ^ 2 f- various anions on the formation of trypsin Aetiv. 

tion mixtures: vanous sodium salt solutions in 0.1 m phosphate buffer nH 7 /; a 
oontammg 0.01 mg. trypsinogen protein nitrogen per ml S pH 1 %!! 


2. Effea cf Various Anions on the Autocatalytic Fortuntiy^ -/• -r ^ • 
i alao with sodium salts, as is lUustrated in Figs. 2 a 2 i 2 c a^ tTS! 

H. These show, in general, that the sulfate, citrate oxalate tertr.* 

fluoride and cUoride ions accelerate the rate of fornlation of tljIisin'theSiS 

«l^tod by iodide, nitrate, tartrate, and citrate and de^J^ by fluIiiS 
chloride, sulfate, acetate, oxalate, and bromide ions. 

* M «5ries in this pap«* ate ananged in order of decreasing effect o^ 



Percent trypsino^en chax^ed into trypsin. Percent trypsino^gW charged into tr3^sin 
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sulfate, oxalate, citrate, tartrate, fluoride, chloride, and acetate the ultimate 
amount of trypsin formed is greater than without the salt while with iodide, 
nitrate, and bromide less trypsin is formed. Although there is in general a 
greater tendency for the polyvalent anions to increase the rate of formation of 
trypsin, the valency of the anion is not the controlling factor since much 
greater differences were observed between the halides, for example, than be- 
tween the acetate, citrate, and tartrate. 

3, Effect of Various Cations on the Autocatalytic Formation of Trypsin . — 
Figs. 3 a and 3 i, show the experimental data for the formation of tr 3 q)sin from 
tiypsinogen under the influence of various salts of the alkali metals. The 

TABLE II 


Effect of Sodium Salts 


Salt 

Molar 

concentration 

Per cent tryp- 
sinogen changed 
into tr 3 rpsin 
(observed) 

Ki 

Xs 

Xi 

K% 




per 

mg. P.ff. per day 

Control 


33 

87 

176 

0.49 

Sodium citrate 

0.5 

65 

455 

244 

1.87 

** sulfate 

0.5 

68 

231 

107 

2.16 

“ tartrate 

0.5 

57 

214 

161 

1.33 

“ acetate 

0.5 

48 

131 

139 

0.94 

“ fluoride 

0.5 

55 

104 

84 

1.24 

« chloride 

0.5 

51 

104 

100 

1.04 

“ bromide 

0.5 

32 

81 

171 

0.47 

“ nitrate 

0.5 

22 

59 

203 

0.29 

“ iodide 

0.5 

11 

47 

380 

0.12 

Control 


42 

92 

125 

0.74 

Sodium sulfate 

0.25 

60 

141 

93 

1.52 

“ citrate 

0.17 

52 

135 

122 

1.11 

“ oxalate 

0.25 

56 

131 

102 

1.29 

“ tartrate 

0.25 

46 

129 

140 

0.92 


calculated values of Ki and Kt are given in Table III. The salts of sodium 
and lithium were found to increase the rate of formation of trypsin while those 
of caesium, rubidium, and potassium were found to decrease it. The rate of 
formation of inert protein was decreased by the salts of rubidium, caesium, 
sodium, potassium, and lithium, the latter having the least effect. The largest 
ultimate amount of trypsin formed was found with the sodium salts, followed 
in order by lithium, potassium, rubidium, and caesium. 

The experimental data for the formation of trypsin from trypsinogen in the 
presence of salts of the alkaline earths are given in Fig. 4. The velocity con- 
stant for the formation of trypsin (Table IV) increases with the addition of 
calcium, strontium, barium, and magnesiiun. Barium increases the velocity 
constant for the formation of inert protein while calcium, strontium, and mag- 





Figs. 3 a and 3 b. Effect of monovalent cations on the formation of tiypsin. Acti- 
vation mixtures: solutions of salts of the alkali metals in 0.1 m phosphate buffer pH 
7.6 and containing 0.01 mg. trypsinogen protein nitrogen per ml. Final pH — 7.1. 




TABLE m 

^ffed Solis of Iks Alkali Metals 



Control 

Lithium sulfate. 
Sodium ** 
Potassium ** 
Sodium diloride 
Potassium ** 
Rubidium ** 
Caesium ** 


Percent tryp- 
Molar sinogea changed 
concentration into trypsin 
(observed) 



JTi 

JTs 

Ki 

JTs 

Per mg, PJi. per day 

80 

79 

1.01 

99 

75 

1.32 

115 

37 

3.1 

53 

45 

1.18 

97 

55 

1.76 

52 

67 

0.78 

40 

40 

1.00 

26 

47 

0.55 
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nesium decrease it. The ultimate amount of trypsin formed is therefore greater 
in the presence of calcium, strontium, and magnesium chloride than in the 
control and smaller in the presence of barium chloride. It is evident that the 
different cations produce as wide a variation in the results as do the different 
anions. 

4. Effect of Calcium Ion on the Formation of Trypsin, — ^The action of calcium 
salts on the transformation of trypsinogen into trsrpsin is unique in that of all 
the ions studied only calcium completely inhibited the formation of inert pro- 
tein. In the presence of calcium salts, even in concentrations as low as 0.02 
M, trypsinogen is converted quantitatively into trypsin^ and the formation fol- 
lows the course of a pure autocataly tic reaction. 

(a) Effect of Varying the Concentration of Calcium Chloride, — ^The effect of 
various concentrations of calcium chloride on the transformation of trypsino- 
gen into trypsin and inert protein is shown in Fig. 5 and Table V. The smooth 

TABLE IV 


Efect of 0,5 M Alkaline Earth Chlorides 


Salt 

Per cent tryp- 
einogen changed 
into trypsin 
(observed) 

Ki 

Kt 




P9r mg, PJf, Hf day 

Control 

31 

26 1 

57 

0.46 

Magnesium chloride 

42 

40 

56 

0.71 

Caldum “ 

100 

90 

0 

00 

Strontium ** 

85 

65 

11 

5.90 

Barium “ 

22 

42 

145 

0.29 


curves in Fig. 5 are drawn through theoretical values of A calculated by means 
of the equation* 


Ao 


A - A. 


A# — Ao 




1 -I- e^ioot 


At — Ao 


The rate of formation of trypsin increases gradually with increasing con- 
centration of calcium chloride while the rate of formation of inert protein de- 
creases rapidly. The value of Kt in 0.0008 m calcium chloride is only one- 
fifth of the value of Kt in the control. The fraction of trypsinogen changed 
into trypsin increases from 25 per cent in the control to 65 per cent in the 
presence of 0.0008 m and to 99 per cent in 0.02 m calcium chloride. 

* The trypsin formed be easily crystallized; the procedure will be described 
in a future publication. 

* e is the Naperian constant: the other symbols are defined in footnote 2. 
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(J) EJfed of Varying ihe ConcentraHon of Trypsinogen, — ^Fig. 6 a shows the 
curves for the formation of tiypsin from various concentrations of tiypsinogen 
in the presence of 0.1 m calcium chloride. In each case all of the tiypsinogen 
is changed into trypsin and no inert protein is formed. Within the range of 



Fig. 5. Effect of concentration of calcium chloride on the formation of trypsin. 
Activation mixtures: various concentrations of calcium chloride in 0.1 m borate buffer 
pH 8.0 and containing 0.1 mg. protein nitrogen per ml. Final pH 7.2. Smooth 
curves drawn through calculated points. 


TABLE V 

EJf^ct of Calcium Chloride 


Molar concentration 
calcium chloride 

Per cent tiypsinogen 
changed into trsrpsin 
(observed) 

El 

Es 

El 

El 

0 

25 

12 

Ptr mg. P.N. Ptr icy 

37 

0.33 

0.0008 

65 

13 

7 

1.86 

0.004 

81 

25 

6 

4.17 

0.02 

99 

58 

0.6 

97.0 

0.1 

100 

90 

0 

CO 

0.5 

100 

104 

0 

00 


concentrations of tiypsinogen used, doubling the concentration of tiypsinogen 

doubles the rate of formation of trypsin. The values of log ^ w- for 

theiiame series are plotted in Fig. 6 ft. The experimental points lie on straight 
lines, the slopes of which are proportional to the initial concentrations of tryp- 
sinogen used in agreement with the theory of the kinetics of a simple unimolecu- 
lar autocatalytic reaction. 
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The curves for the rate of formation of trypsin from various concentrations 
of trypsinogen in the presence of 0.02 m and 0.001 m calcium chloride are given 



0 20 40 60 80 100 120 140 

Houre 

Fig. 6 a 

Figs. 6a,6bf6Cf6d. Effect of concentration of trypsinogen on the formation of 
tiypsin. Activation mixtures: calcium chloride solutions in 0.1 m borate buffer pH 
8.0 and containing various amounts of trypsinogen per ml. Final pH -= 7.2. 

in Figs. 6 c and 6 d. Although here the concentrations of the salt are insuffi- 
cient to inhibit completely the formation of inert protein, the percentage of 
tiypsinogen changed into trypsin is independent of its initial concentration in 
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the case of 0.02 ii calcium chloride and even increases with increasing con- 
centration of tiypsinogen in 0.001 m. It appears from these results that the 
effect of calcium in preventing the formation of inert protein is not due to the 
formation of an undissociated stoichiometric compound between it and the 



trypsinogen since in that case the percentage of trypsinogen changed into 
trypsin would decrease as its concentration increased. 

(c) Effect of Cakitm Chloride at Various pH. — ^Figs. 7 a and 7 b give the 
curves for the formation of trypsin from trypsinogen in the presence and ab- 
sence of calcium chloride at various pH. In both cases the rate of formation of 
tiyp^ Increases with increasing pH. In the absence of calcium chloride, 
however, the ultimate amoimt of tiypsin formed decreases rapidly with increase 
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in pH due to the larger amounts of inert protein fomed in the ftllrniw solu* 
tions (Kunitz, 1939), whereas in the presence of calcium chloride the trans* 
formation of trypsinogen into trypsin is complete over the whole range of pH 
used. 



(d) Effect of Various Calcium Salts. — Fig. 8 gives the experimental data for 
the formation of trypsin in the presence of various calcium salts. The tryp- 
sinogen is converted quantitatively into trypsin in all cases and the rate of 
formation of trypsin is approximately the same regardless of the anion used. 
Evidently the action of the calcium ion predominates, masking the action of 
the anion. 

(e) Effect <ff Calcium Chloride on the Action of Trypsin. — Calcium chloride 
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Figs. 7 a and 7 b. Effect of pH on the formation of trypsin. Activation mixtures: 
0.02 if acetate-barbiturate buffers of various pH in 0.02 m calcium chloride or water 
and containing 0.1 mg. trypsinogen protein nitrogen per ml. 
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in concentrations sufficient to inhibit completely the formation of inert protein 
and to accelerate the rate of formation of tr3^in was found to have practically 



no effect on the tryptic digestion of hemoglobin or of benzoyl 4 -arginine amide 
nor on the formation of ch3rmotrypsin from chymotrypsinogen by means of 
trypsin. This together with the fact that the influence of calcium chloride 
on the formation of trypsin from trypsinogen is exactly the (q>posite of its 
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influence on the formation of inert protein, although both reactions are cata- 
fyzed by tiypsin, leads one to assume that the action of calcium chloride is on 
&e tiypsinogen rather than on the tiypsin, or else that the various actions of 
tiypsin are quite different in character. 

(/) Effect cf Calcium Chloride on Enterokinase and Mold Kinase . — ^The rate 
of formation of tiypsin from trypsinogen as catalyzed by enterokinase (Kunitz, 



Days 


Fig. 8. Effect of various calcium salts on the formation of trypsin. Activation 
mixtures: 0.1 m solutions of various calcium salts in 0.1 u borate buffer pH 8.0 and 
containing 0.01 mg. trypsinogen protein nitrogen per ml. Final pH •• 7.S. 

1939 o) and by mold kinase (Kunitz, 1938) was found to be depressed in the 
presence of 0.1 ic calcium chloride. 

srruMARY 

Crystalline tiypsinogen is completely transformed into tiypsin by means of 
tiypsin in the presence of calcium salts. The process follows the course of a 
pure autocatalytic unimolecular reaction. 

In the absence of calcium salts, the autocatalytic formation of trypsin from 
tiypsinogen is complicated by the transformation of part of the trypsinogen 
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into an inert protein which cannot be changed into trypsin by any known 
means. 

Salts increase or decrease the rate of both reactions so that the ultimate 
amount of trypsin formed varies with the nature and concentration of the salt 
used. With equivalent concentrations of salt the percentage of trypsinogen 
changed into tr 3 rpsin is greatest in the presence of calcium ion followed in order 
by strontium; magnesium and sodium; rubidium, ammonium, lithium, and 
potassium; caesium and barium. With the anions the largest percentage of 
trypsinogen transformed into trypsin was found with the acetate, sulfate, ox- 
alate, citrate, tartrate, fluoride, and chloride ions followed in ordet by bromide, 
nitrate, and iodide. 

The formation of inert protein is completely suppressed by concentrations 
of calcium ion greater than 0.02 m. 
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introduction 

According to the theories of Loewi and of Dale acetylcholine (ACh) acts as 
the specific transmitter substance of nerve impulses to an effector organ or to a 
second neuron. Recent investigations suggest that the original theory must be 
altered to account for the ACh metabolism which closely parallels the electrical 
changes occurring everywhere at or near the neuronal surface (Nachmansohn 
and Meyerhof, 1941). This interpretation was necessary to explain the fol- 
lowing observations. 

1. A high concentration of choline esterase exists in strong electric organs 
{Torpedo, Gymnotus electricus). These organs can split in 60 minutes an 
amount of ACh equivalent to 1-3 times their own weight. The concentration 
of the enzyme is of the same order of magnitude as that estimated previously 
for motor end plates of muscle. The essential point is the fact that in these 
organs considerable amounts of ACh can be split during the refractory period 
which is of the order of milliseconds. This makes possible the assumption that 
ACh is closely connected with the discharge. The prerequisite for such an 
assumption is the possibility of a quick removal of the active substance. The 
existence of such a high concentration of the enzyme appears particularly 
significant in view of the high water (92 per cent) and low protein content 
(2-3 per cent) of the organs. In the weak electric organ sif Ray the concen- 
tration is relatively low. If in the three species number of plates per centi- 
meter and E.M.F. per centimeter are compared with the concentration of the 
enzyme a close parallelism is obtained (Nachmansohn, 1940). The observa- 
tions on the concentration of choline esterase in electric organs, established 
during the years 1937 and 1938, and simultaneous and independent studies of 
Auger and Fessard on the discharge of electric organs under different conditions, 
especially after degeneration of the nerve, led to investigations on Torpedo 

* This work was made possible by a grant of the Dazian Foundation. 
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moftnoraia carried out in Arcachon. There it was demonstrated that ACh is 
present in high amounts in the electric organ, that after nerve stimulation ACh 
is liberated in these organs, and that injection of ACh into the organ produces 
a dischairge (Fddberg, Fessard, and Nachmansohn, 1940). These experiments 
support the view suggested by the previous experiments that the discharge is 
* connected with the appearance of ACh. 

2. Only a quantitative di£Perence exists between the concentration of the 
enzyme in nerve fibers and that at iqmapses. This difference was interpreted 
as teing related to a concentration of the enqrme at or near surfaces and there- 
fore high at synaptic regions where the end arborization increases the surface 
(Couteaux and Nachmansohn (1940)). Direct evidence for this view was 
obtained with the giant fiber of squids in which it was found that practically all 
the enzyme is localized in the sheath and that only negligible amounts occur 
in the axoplasm (Boell and Nachmansohn, 1940). 

The data on the concentration of choline esterase in the electric organ of 
Electfophorus deciricus (Linnaeus) {=^GymnoPus electricus) were incomplete and 
unsatisfactory. Only one specimen had been examined and only two deter- 
minations were made at that time.^ Among all species the electric organ of 
Electropharus has the greatest £.m.f. A detailed study of the en 2 yme con- 
centration and distribution in relation to the e.m.f. appeared necessary. The 
present paper fills this gap and offers new evidence for the paralleUsm between 
number of plates per centimeter, e.m.f. per centimeter, and en 2 yme activity. 

Methods 

The activity of choline esterase was determined with the Barcroft-Warbuig mano- 
metric method in the same way as described previously (Nachmansohn, 1939). 
Frog’s Ringer solution with bicarbonate buffer was used as medium. The tissue was 
very thoroughly ground; for it is important to have a homogeneous suspension be- 
cause of the high esterasic activity of electric organs. Although the pieces of tissue 
taken for grinding were small, the suspension had to be diluted to a large volume, and 
the 3 cc. put into the Warburg vessel were only a small fraction of the total suspen- 
sion. For instance 3 cc. of the suspension prepared from pieces of the electric organ 
of the smaller eel contained only about 0.5 mg. fresh tissue. The weights given in 
the tables indicate the fresh weight of tissue ground. As the amount actually put 
into the vessels was approximately the same in each series of experiments, that for 
each determination is not specified separately but is indicated only for each table. 
The balance used permits rapid and precise weighing which is necessary for such small 
amounts of fresh tissue. The balance has magnetic damping on both sides so that 
in about 15 seconds 0.1 mg. can be read on a scale directly and 0.01 mg. can be esti- 
mated. Generally only 4 manometric readings were made in intervals of 5 minutes 


^ This specimen died in October, 1938, in the Institut Oc^anographique in Paris and 
the jenzyme activity was determined by one of us (D. N.) in the Laboratoire de 
Physiologie G^n^rale de la Sorbonne. 
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after the substrate had been added to the enzyme suspension. The first 5 minute 
reading was not included in the calculation. 

The protein determinations of the enzyme solutions were carried out gravimetri* 
cally. To 1 cc. of the em^e solution in a 3 cc. centrifuge tube there was added 1 cc. 
of 40 per cent trichloroacetic acid. After 24 hours the precipitate was centrifuged for 
30 minutes in a centrifuge at a rate of 4000 R.P.M. The precipitate was washed three 
times with distilled water. The centrifuged tube was put into a (hying oven at lOS^C. 
for several hours and the weight was then determined. 

RESULTS 

I. EteOric Organ 

The electric organs of two eels were examined. The first was medium sized 
and had a length of 120 cm., the second was small and only 67 cm. long. 

The electric organ of the larger specimen had a length of 78 cm. Pieces 
were taken successively at five points from the head to the caudal end of the 
organ and the concentration of choline esterase was determined. The values 
obtained are given in Table I. The highest concentration of the enzyme is 
found in the region near the head en(l»of the organ; it decreases continuously 
towards the caudal end. Fig. 1 shows the tentative curve of the change in 
enzyme concentration. The shape of this curve appears to be analc^ous to 
that which indicates the E.M.F. per centimeter and number of plates per 
centimeter determined on an eel of approximately the same size (Cox, Rosen- 
blith. Cutler, Mathews, and Coates, 1940). 

The number of sections (five) at which the enzyme concentration was deter- 
mined and the number of determinations in each section were not sufficient for 
ascertaining the precise shape of the curve. In each section the concentration 
varies from one piece to the other: In the section 45 cm. from the snout four 
determinations were made, and the QCh. E. values were found to vary from 83- 
112. Such differences are not surprising. As the experiments quoted in the 
intrcxluction suggest, choline esterase is concentrated at surfaces of neurons. 
The amount of active surface will vary from one piece to another. The greatest 
part will be presumably at the innervated side of the disc. It can be expected, 
therefore, that even in pieces taken from the same region the enzyme concen- 
tration will differ according to the amount of active surface although the 
number of plates per centimeter is equal. If a sufficient number of large piecej 
were taken these differences might become insignificant, and the value obtained 
would approach the average value of that section. But it is difficult to grind 
large pieces homogeneously and the error due to this difficulty may be as great 
as that due to the variations of active surface in small pieces. 

In order to get more information about the variations which may occur in a 
given piece due to the uneven distribution of active surface, the enzyme con- 
centration was determined in a series of slices cut with a freezing microtome. 
The results are given in Table II. Pieces I and II were taken about 60 cm. 
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TABLE I 

Comcentratioa of choline esterase in sections of the dectric organ of EUctfophoruSf taken 
successivdy from the head to the caudal end. Length of a nim al 120 cm. D — distance of 
section from the snout in cm. W ■■ mg. tissue ground. 2-5 mg. fresh tissue were taken per 
vessd. QCh.E. s — single determination, a — average. 



Main organ 

Organ of Hunter 

D 

W 

1 Qai.E. 


QCh.E. 

J 

a 

. " 

s 

a 

30 

66.0 

134.0 

118.0 
123.0 

125.0 

73.0 

93.5 

93.5 

93.6 


68.5 

135.0 

134.0 

134.6 

65.0 

107.0 

103.0 

106.0 



110.0 






46.0 

93.0 

29.0 

21.2 

107.0 

107.0 



103.0 





45 

48.7 

110.0 

111.0 j 

116.0 

112.0 

28.0 

140.0 

125.0 

132.6 



92.0 






66.0 

76.0 

88.0 






82.0 






60.0 

100.0 

93.0 

96.6 





47.0 

50.0 

50.0 

60.0 

44.5 

79.0 

73.7 

76.6 

60 

65.5 

58.2 

65.7 

62.0 

44.0 

64.5 

67.0 

66.8 


mm 


38.0 

98.7 


80.0 

68 

165.0 

1 38.0 

42.0 

40.0 

76.0 

1 27.0 

28.0 

37.6 

102 




41.0 

37.5 

41.5 

39.6 

108 

i 

71.0 

36.5 

42.5 

39.6 

45.0 

42.5 

42.0 
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from the snout of the ed described above. Piece in was cut out by biopsty 
from an eel of similar size and the region chosen was near to the head end of the 
organ. The values show how great the variations are from one slice to the 
other. Of special interest are the values obtained with piece 1. It as 
if the values vary in a certain rhythm. This is demonstrated in Fig. 2. It may 
be assumed that this rh}rthmic change is not incidental but corresponds to a 
rhythmical change in active surface. This may be easily imderstood from the 
histological structure. It may appear only at a certain thickness of slices and 
when the slices are cut in a direction exactly parallel to the discs.. 



30 45 60 75 90 I05CM 2 4 6 

Fig. 1 Fig. 2 


Fig. 1. Concentration of choline esterase in different sections of the electric organs 
of the electric eel, Eleclrophorus electricus (Linnaeus), taken successively from the 
head to the caudal end. Length of the animal 120 cm. Abscissae; QCh.E. values. 
Ordinates: Distance of the section from the snout in centimeters. 

Fig. 2. Concentration of choline esterase in successive slices of a piece of electric 
tissue cut with a freezing microtome. Abscissae: QCh.E. values. Ordinates: 
Number of the successive slices. 

There are three superimposed organs on each side: the main organ, Hunter’s 
organ, and the bundle of Sachs which forms the greater part of the posterior 
section. In the bundle of Sachs number of plates per centimeter and E.if.E. 
per centimeter increase towards the caudal end (Cox, Rosenblith, Cutler, 
Mathews, and Coates, 1940), making the conditions more'compiex. It may 
be that the pieces at a distance of 68 cm. from the snout belonged to the 
bundle of Sachs and that therefore the values were low, even lower than at the 
caudal end. When these determinations were made, no attention was paid to 
this point. In the organ of Hunter the concentration of the emyme does not 
differ appreciably from that in the main organ. This again is in agreement 
with the number of plates per centimeter. 

In spite of all restrictions pointed out the shape of the three curves: (I) 



TABLE n 


Concentxation of choline esterase in successive slices cut with a freexing microtome. 
Piece I and II were taken from a section 60 cm. from the snout; same ed as in Table n. 
Piece III was taken from an ed of similar size; the section was near the head end of the organ. 



I 

n 

m 

lliickneM of 
•Ikctinii 

150-200 

100 

150-200 

SlkeNo. 

W 

Qai.E. 

w 

QCh.E. 

W 

QCh.E. 

1 

6.3 

— 

2.3 


70.6 

2.8 

X 86.0 

2 

11.8 


5.0 


66.8 

2.4 

88.0 

3 

8.8 


6.6 


70.6 


— 

4 

12.1 

48.6 

2.7 


88.0 


188.0 

5 

9.4 

67.6 

2.2 


76.0 


186.0 

6 

9.8 

46.8 




4.5 

108.0 

7 






5.3 

90.0 

8 






5.5 

90.0 

9 






5.7 

87.0 


TABLE m 

Conceniration of Choline Esterase in the Electric Organ of an Electrophorus of 68 Cm. Length 




1 QCbX. 
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1 QCh . E . 

■I 


1 QCh .£. 

D 

w 




w 




W \ 

1 





t 1 

a 

m 


s 

a 

m 

s 

1 * 


17.5 


680.0 


12.4 

638.0 

677.0 

668.0 


15.3 

530.0 










39 

10.9 

394.0 

894.0 

17 

10.2 

682.0 

697.0 


25 

7.3 

567.0 

520.0 

500.0 

667.0 


12.8 

460.0 

460.0 


6.9 

615.0 



14.5 

610.0 


16.9 

191.0 

187.0 

189.0 



14.0 

620.0 

680.0 


15.2 

610.0 

610.0 




115.0 



720.0 

680.0 




630.0 

633.0 


53 

12.1 

116.0 


11.8 

700.0 


16.3 


114.0 

20 

11.7 

740.0 

750.0 

746.0 

32 

12.9 

680.0 

685.0 

688.0 


8.0 

161.0 

139.0 

160.0 







20.4 

150.0 

168.0 





10.1 

745.0 

690.0 

718.0 


15.2 

690.0 

690.0 

59 


153.0 





■ 

■ 

■ 

■ 

11.4 

149.0 

149.0 

735.0 

740.0 



11.1 

788.0 

■ 

■ 

■ 

■ 






D ■■ Distance from snout in cm. 

* W •• mg. tissue ground. 

QCh.E. 1 >• single determination, a average. 

The amount of tissue ta ke n per vessd was about 0.5 mg. 
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enzyme concentration, (U) number of electric discs per centimeter, and (JJJ) 
EJIC.F. per centimeter seems to be essentially the same. This becomes even 
more obvious by the experiment carried out on the smaller specimen. The 
length of the electric organ in this animal was 52 cm. The enz 3 rme concen- 
tration was determined at seven sections and more samples were taken from 
each section than in the first animal examined. The results are given in Table 
in. The S-like form of the curve is here quite obvious (Fig. 3). 
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30 40 50 60CIA 

Fig. 3. The same as in Fig. 1, carried out on the specimen of 68 cm. length. 


TABLE IV 


Concentration of choline esterase in different sections of the electric organ of the Elec- 
kopkarus of 68 cm. length at the 8th day following death. The qrmbols used are the same 
as those in Tables 1 and HI. b.o.S. >■ bundle of Sachs. 


D 

W 

QCh.E. 

D 

W 

QCh.E. 

22 

17.5 

608.0 

50 

(Main org.) 

11.3 

410.0 

29 

12.8 

818.0 

50 

(b.o.S.) 

8.7 

290.0 

36 

43 

15.6 

17.9 

690.0 

660.0 

55 

11.0 

860.0 


The EJBE.F. per centimeter versus distance from the s^ut has not been 
determined accurately as in the larger animal. But the observations available 
indicate that the shape of the curve is the same (Coates, Cox, and Granath, 
1937). The values of QCh.E. are around 6-700 near the head end and around 
150 near the caudal end as compared with 120-140 and around 40 respectively. 
The determinations were made a few days following death. Although the 
ntiimala were kept in the ice box at 1-2®C., it may be that the absolute values 
were a little lower than those found. The enzyme remains stable for many 
months (Nachmansohn and Lederer, 1939). But the tissue in view of. its 
p^ iliar hi{^ water content may lose some water, and the real weights may be 
a little higher than those actually found. In Table IV the QCh.E. values are 
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given of samples taken at different sections 2 days later than those of Table III. 
The values are definitely a little higher. When these samples were cut out it 
appeared that the tissue did not retain its water as well as in the first few da 3 rs 
following death. But if the absolute values may be a little too high even for 
the first days, they are comparable in any case for the smaller and larger 
specimen because the determinations were made during the same period follow- 
ing death. 

In the section at a distance of 50 cm. from the snout the bundle of Sachs could 
be clearly distinguished from the main organ, and samples were taken sep- 
arately in this case. The concentration in the main organ is nearly twice as 
high as in the bundle of Sachs: 410 and 220 respectively (Table IV). 

77. Central Nervous System 

It was always believed that the electricity of electric organs is not extra- 
ordinary as compared with that of ordinary nerves, and that it is only the 
arrangement of the plates in series by which these organs are distinguished 
and by which the great £.m.f. is attained (Du Bois-Reymond, 1877; Burdon 
Sanderson and Gotch 1889). It is therefore interesting to know whether the 
concentration of choline esterase in the nerves supplying the electric organ 
differs from that in ordinary nerves. In Torpedo marmorata the en^me con- 
centration of electric lobes and the nerves innervating the electric organ appears 
to be higher than in the rest of the brain and in motor nerves (Feldberg, Fes- 
sard, and Nachmansohn). But in determinations carried out on Torpedo 
occidentalis Storer no significant difference was found between the QCh.E. 
values in the electric lobe and its nerves and other parts of the central nervous 
system (Nachmansohn and Meyerhof, 1941). These experiments did not 
support the assumption that the nerves supplying the electric organ are dis- 
tinguished from ordinary nerve by a special concentration of choline esterase. 

In order to get more information about this question the enzyme concentra- 
tion was determined in brain and spinal cord of Electrophorus and compared 
with that in a gold fish {Carassius auratus). The Electrophorus belongs to the 
series Ostariophysi like the Cyprinidae among which are classified the carps 
and the gold fishes. The specimen examined was the larger eel. Whereas in 
Torpedo there are special centers, the electric lobes, which innervate the 
electric organs, the Electrophorus has no such centers. The cell bodies of the 
nerves innervating the electric organs are located in the spinal cord around the 
central canal. These cells begin to appear in the spinal cord not far from the 
medulla oblongata; their number increases toward the middle of the spinal 
cord and then decreases again. The spinal cord was therefore examin^ at 
several distances from the medulla. 

The values obtained are given in Table V. The QCh.E. values of the spinal 
cord of Electrophorus are rather low. Th^ do not differ at various distances 
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from the medulla. In the spinal cord of the gold fish they are four times as 
high. In the central nervous system the values of the two species are similar. 
Only in the hypothalamus of the gold fish are thqr particularly high: 40.0 and 
44.0 as compared with 16.8 in the Elecirophorus. 

III. Striated Muscle 

Electric organs are considered as modified muscle end plates phylogenetically 
evolved by transformation of striated muscle. Since the time that Babuchin 

TABLE V 


Concentration of Choline Esterase in Brain and Spinal Cord of Eleciropkorus and 

Carassius auraius 


Part of C.N.S. 

W 

QCh.E. 

Part of CN.S. 

W 

QCh.E. 

Electropkoms 

Left cerebral hemisphere 


7.2 

Hypophysis 

25 

4.6 

Right cerebral hemisphere 

55.5 

8.0 

Medulla obi. 

39.5 

9.4 

2 optic lobes 

75.0 

12.4 

Spinal cord close to 

24.0 

6.3 

Cerebellum 

124.0 

1S.8 

Spinal cord 30 cm. from 

48.0 

2.8 

Area acustico — later 

221.4 

9.8 

snout 



Hypothalamus 

45.0 

16.8 

Spinal cord 60 cm. from 

53.0 

8.0 




snout 






Spinal cord 75 cm. from 

24.0 

8.0 




snout 



Carassius auratus 

1 cerebral hemisphere 

25.9 

6.0 

Hypothalamus 

52.6 

40.0 

2 optic lobes 

80.3 

16.2 



44.0 

Cerebellum 

67.6 

10.7 

Base of mid-brain 

27.0 

11.0 

2 vagal lobes 

90.8 

16.8 

Medulla obi. 

83.8 

16.9 



16.7 

Spinal cord 

42.0 

12.6 






12.2 


studied the ontogenetical development of Torpedo and described how the elec- 
tric plates gradually develop from embryonic muscle fibers, there has been 
no doubt as to the genetic relations between the two tissues! Every possible 
transition has been observed between the phylogenetically lowest to the highest 
form, especially in weak electric organs which are not so highly differentiated 
as the strong organs, and in which the discs may retain their muscular charac- 
teristics even when the formation is perfect. 

Quite different groups of striated muscles can be transformed into electric 
organs. In Gymnotus the deepest part oi the ventral trunk muscles is trans- 
formed into the large electric organs except the “intermediate muscular layer” 
(Biedermann). It was thought possible that striated muscles near the electric 
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organ might be in a state intermediate between striated muscle and electric 
organ, and that in this case the concentration of choline esterase in these 
muscles might be higher. Therefore the enzyme activity was determined in a 
few samples of the dorsal trunk muscles and in the intermediate layer. The 
determinations were carried out on the smaller eel. The data obtained are 
given in Table VI. Only a few experiments were carried out but they clearly 
indicate that the QCh.E. values are not comparable with those of ordinary 
striated muscle but are much nearer to those of electric organs. It appears 
moreover that the enzyme concentration is higher the nearer the muscles are 
located to the electric organs: the relatively highest QCh.E. values were found 
in the ^'intermediate layer:” 210.0 and 141.0. In the dorsal muscles the 

TABLE VI 


Concentiation of dioline esterase in musdes of Eleciropkarus, D « distance from the 
snout. L location. Inf. * inferior dorsal trunk musdes, 1 « left, r ■■ right nde; sup. ■■ 
superior dorsal trunk musdes. I jn.L -• intermediate musde layer. 


D 

L 

W 

QCh.E. 

n 

L 

W 

QCh.E. 

32 

Inf.l 

Inf. r 

Sup. 1 

29.8 

25.8 

19.9 

90.8 

90.0 

190.0 

86.0 
67.0 

39 

Inf.r 

Sup. 1 

29.0 

18.3 

106.0 

S9.0 

46 

Inf. r 

28.8 

89.0 


39 


12.8 

9.4 

mm 

EO 


superior group has a lower concentration than the inferior group. As far as 
we know no histological studies have been made on these muscles. It would be 
interesting to know whether these muscles are in a process of transformation 
towards electric organs and, if so, how far this process is developed. 

IV. Preparation of Enzyme Solutions from the Electric Organ 

Electric organs are a suitable material for the preparation of active enzyme 
solutions, owing to the great amount of en^me present and the low protein 
content. Very active solutions were obtained from the electric organ of 
Torpedo marmorala (Nachmansohn and Lederer, 1939) and recently from 
Torpedo occidentalis Storer.^ It appeared interesting to compare the solutions 
which can be obtained from the electric organ of Gymnotus with those of Tor- 
pedo. The preparation was carried out in the same way as that with the elec- 

* Nachmansohn, unpublished experiments. 
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trie organ of Torpedo: about 500 gm. of organ from the large specimen were 
minced with an automatic machine. The minced tissue was ground with sili- 
cate and centrifuged about 30 minutes. About 500 cc. clear supernatant fluid 
were obtained. 1 cc. of this preparation split 650 mg. ACh in 60 mimi tp s , 
The protein content was 11.2 mg. per cc. 1 mg. protein split therefore 53 mg. 
ACh in 60 minutes. In the preparations obtained in the same way from elec- 
tric organs of Torpedo 1 cc. of the solution split 400-1500 ACh in 60 mimites 
1 mg. protein split 100-200 mg. ACh per hour. After the ground tissue had 
been centrifuged and the supernatant fluid removed 250 cc. of 10 per cent 
ammonium sulfate solution were added to the extracted tissue. The tissue was 
ground again and centrifuged. The solution obtained in this way is more 
active per protein unit: 1 cc. split 487 mg. ACh per hour and contained 3.71 
mg. protein. 1 mg. protein split therefore 131 mg. ACh per hour. But solu- 
tions prqpared in this way from dectric organs of Torpedo were also more 
active per protein unit: 1 mg. protein split 2-300 mg. ACh in 60 min utes - 

The dectric organs of Torpedo appear therefore to be a more suitable material 
for the preparation of en^me solutions than those of Gymnotus. This was to 
be expected from their higher enzyme concentration. It is possible and even 
probable that in the organ of the small specimen where the enzyme con- 
centration is not only higher than in the large specimen but also higher than 
in Torpedo, the solution obtained would be more active than that from the 
organs of Torpedo. But the amount of material available is rather small. 

DISCtrSSION 

These experiments furnish new evidence for the parallelism between number 
of plates per centimeter eji.t. per centimeter, and concentration of choline 
esterase. Whereas imtil now this parallelism was apparent only when dif- 
ferent species were compared, here it is shown that in the same organ great 
variations of enzyme concentration occur which are essentially the same as 
those of e J(.F. per centimeter and munber of plates per centimeter. 

The experiments support the view that a relation exists between ACh metab- 
olism and the intensity of the discharge. If ACh is connected with the dis- 
charge it must appear and disappear in milliseconds. If speculation were to 
be exduded, the only known way for removing the active substance so rapidly 
is by the activity of the specific enzyme choline esterase. The greater the 
potential difference becomes, the greater must be the amount of active sub- 
stance liberated, and the higher the concentration of the en^me. Electric 
organs are hi ghly specialized in their function. The discharge is here the final 
event. The foett^t a specific enzyme is so hi^y concentrated in this organ — 
so poor in protein — is in itself support for the assumption that the substrate is 
connected with itsfunction. If we also recall (1) thatACh can produce potential 
differences if injected into the organ, (2) that the pot e nt ia l difference is much 
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greater if the choline esterase is inactivated by eserinization of the organ, and (3) 
that the appearance of ACh during the discharge can be demonstrated in the elec- 
tric organ (Feldberg, Fessard and Nachmansohn, 1940), the theory of a close cor- 
relation between electrical changes and ACh metabolism appears justified. 
As potential differences occur at surfaces (Hodgkin and Huxley, 1939) the evi- 
dence for a concentration of choline esterase at surfaces (Boell and Nachman- 
sohn, 1940), is in this connection particularly pertinent. 

The voltage developed in a discharge between two points along the electric 
organ depends upon the E.M.F., the current, and the internal resistance accord- 
ing to the equation: 

VmR^IR 

where £ is the e.ii.f., I the current, and R the internal resistance. The special 
conditions of these relations in the electric organ have been recently discussed 
(Cox and Coates, 1938). Two assumptions can be made about the way in 
which ACh may act: (1) it can produce the e.ii.f. directly by action on the 
surface, (2) it can decrease the resistance and this again by action on the sur- 
face, e.g. by increasing the permeability of the disc boundary. In either case 
the parallelism described here could be exp'lained. 

For the difference in enzyme concentration found between the large and 
small eel the following explanations appear possible. The maximal discharge 
varies considerably from one specimen to another even in animals of the same 
size. The actual discharge of the two specimens has not been recorded. It 
may be that the e.m.f. per centimeter was higher in the small specimen although 
it is not at all likely that it was four times as high. On the other hand the 
possibility is envisaged that ACh may act upon the resistance, and it may be 
that the drop in resistance per square centimeter of the disc boundaries varies 
with the size of the individual. 


SUMUARY 

1. If the concentration of choline esterase is determined at different sections 
from the head to the caudal end of the electric organ of Ekctrophorus eUctricus 
(Linneaus) S-like curves are obtained. These curves are essentially the same 
as those which show the number of electric discs per centimeter and the e.u.f. 
per centimeter. 

2. In the organ of Himter the concentration of the enzyme does not differ 
from that in the adjacent parts in the main organ. This again coincides with 
the observations on the number of plates per centimeter in this organ. 

3. The concentration of the enzyme was determined in different parts of 
the brain and the spinal cord and compared with that in a gold fish. The con- 
centrations here are of the same order, but in the spinal cord of the eel the 
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concentration is even lower than in the gold fish. As the cell bodies of the 
nerves innervating the electric organ in the spinal cord, these results do not 
lend support to the assumption of a special concentration of the enzyme in 
these nerves. 

4. In the muscles adjacent to the electric organ an em^e concentration 
has been found which is of the order of that in the electric tissue itself and much 
higher than in ordinary striated muscles. 

5. The suitability of the organ for the preparation of em^e solutions has 
been investigated and compared with that of the organ of Torpedo. 

It is a pleasure to express our thanks to Dr. R. G. Meader (Section of Neuro- 
anatomy, Yale University School of Medicine) for assistance in the dissection 
of the central nervous ^stem. 
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VI. Wave-Length and Flash Dttbation in Flicker 
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I 

For a square image subtending ca. 6.13° of visual angle on a side, centrally 
fixated, we have described the relations of flash frequency F to mean flash 
intensity Im for recognition of flicker, as obtained with “white” light seen 
uniocularly and binocularly and with various proportions of light time in the 
flash cycle (Crozier and Wolf, 1940-41 a, b). The data have been analyzed 
in terms of the conception that, for each of the two populations of dements 
of neural effects combined in the typical duplex flicker recognition contour, 
the fundamental form is that of a normal probability summation in log /•. 
When the “rod” and “cone” contributions show extensive overlapping, as 
with man, the low intensity segment of the curve is determined by the sum* 
mation of a partially inhibited “rod” contribution of dements with those 
labdled as of “cone” origin. 

The properties of these dements, defined by the summation of dF/d tog I 
as a function of tog J, have been studied for monocular and binocular stimula- 
tion and as a function of the light time fraction. Their quantitative relations 
to the wave-length composition of the light should be important in a variety 
of ways. Certain of these questions are considered in the present paper. It 
is to be expected that modification of the wave-length composition of &e light 
will produce changes in the form of the tow intensity and of the high intensity 
segments of the F — tog / contour, and in the relations between tiAm. This 
supplies an additional means of investigating the nature of the composite 
curve, and of the rdations of excitable neural units to the dements of dis- 
criminatory effect which they produce. At the same time it is inevitable that 
the data, properly interpreted, should have significance for the problem of 
exdtation as a function of wave-length. It will be pointed out that some of 
the conditions required for the discussion of this matter can now be seen more 
concretdy, and that a prdiminary application of their meaning can be 
indicated. 

For four regions of the spectrum the flicker reiqx>nse contour was determined 
with #£ = 0.10 and ft * 0.90 of the cyde time, with the centrally fixated fidd 
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already used for white light. The points to which attention will be directed 
include the Fn$at. and other parameters (t', er'iog /) of the F — log Im curve as 
a function of wave-length composition, the relations of these parameters to 
the fraction, the variability of /i, and the scatter of the indices of variation. 
The most recent and most extensive survey of the dependence of flicker upon 
q)ectral composition (Hecht and Shlaer, 1935-36) gives no information on 
most of these matters. Some important conclusions to be drawn are further 
supported by tests made in another part of the retina (Crozier and Wolf, 
1941-42). The findings will be considered as they bear upon the nature of 
criteria for the allocation of “cone” vs. “rod” properties to visual data, the 



Fig. 1. Transmissions of filters used for violet f bluCf green, and red 

more general question of the meaning of such data for the deduction of mecha- 
nisms of the primary peripheral excitation, and for certain questions of color 
vision theory. 

The apparatus used and the procedure followed in these observations are already 
described, and need not be restated here. One observer, W. J. C., was used through- 
out. Observations were made monocularly (left eye). For the modification of wave- 
length distributions use was made of Wratten filters Nos. 70, 58, 47, and Coming 
No. 511, giving in this order red, green, blue, and violet. The transmissions of these 
filters are shown in Fig. 1, as measured in a photoelectric spectrophotometer. In the 
tables the units of I purposely used are flash brightness units, millilamberts, deter- 
mined by photometric equations with white, made below the color threshold for each 
light. Under our conditions these units are proportional to photons, as the ocular 
e3re-ring provided an effectively constant “pupil” 1.8 mm. in diameter. No correc- 
tion has been made for ocular transmission. For certain purposes direct energy com- 
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parisons with the white light are important. Such comparisons were made with a 
Mohl large surface thermopile and sensitive galvanometer, the thermopile being in the 
eye position at the discriminometer head (cf. Crozier and Holway, 1938-39o, 1939-40) ; 
these are referred to subsequently. No attempt was made to work for more mono- 
chromatic beams, since it was desired merely to modify wave-length compositions in 
a convenient way and at the same time to cover as large as possible an intensity range. 

u 

The observations for the violet, blue, green, and red regions, at = 0.10 
and 0.90, are given in Tables I-IV. Each Im entry is the mean of 10, and the 
dispersion of these 10 is given as P.E.i/,. We consider first the analysis of 
the forms of the pair of curves for each color region, then the comparison of 
their properties. 

For each color, as for white, the shortening of the light time fraction moves 
the curve toward lower intensities and increases the asymptotic maximum to 
which the curve rises. The curves are plotted in Figs. 2 to 5. The uppermost 
parts of these curves, the so called “cone” sections, are in every case well 
described by a normal probability summation in log Im (Fig. 6). As with white 
light, at any given wave-length composition the slopes of the two lines for 

= 0.10 and 0.90 on a probability grid are not detectably different, and thus 
criog/ is the same (although differing according to the wave-length). 

In Figs. 2 to S the probability integrals of Fig. 6 have been continued toward 
F = 0 and the “rod” curves obtained by difference. The observations below 
the kink in the F — log I contour were taken, like those above it, in overlapping 
groups. Only for the violet did such successive series disagree. One violet 
set (FO with ti = 0.90 below F = 18 departed widely from the others. It is 
given in Table I, and is analyzed graphically in Fig. 7. We tried in vain to 
repeat this series; the explanation for its occurrence is unknown; it cannot be 
accounted for by technical error. As an illustration of the kind of reproduci- 
bility otherwise experienced we may refer to an independent series made much 
later with the blue filter and t^ = 0.10, not given in Table II but already given 
in the preceding paper (Crozier and Wolf, 1940-41 b). 

The rising and the falling parts of the “rod” contribution dissected out 
in this way (Figs. 2 to 5) are transferred to a probability grid m Fig. 8. Again 
as with white light, the two rising branches have apparently the same a'logi 
for each color, so far as can be told, and the falling branches do not. The 
“rod” Fmax. falls (violet, blue, green) or rises (red) as t^ is increased; this results 
from the difference in shape and in degree separation of the several “cone” 
and fundamental “rod” curves (cf. Crozier and Wolf, 1940-41 A). 

As with white light, Fmax. (“cone”) declines with increase of the light time 
fraction, and r' decreases. These relations are shown in Figs. 9 and 10. The 
rates of change (here assumed to be, as already shown in greater detail for 
white, and as checked by incomplete data on red and blue at ti = 0.50, recti- 
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TABLE I 
VMa 


log /« (ml.) and log P.E.,„; an exceptional set given separately 


Fper 

sec. 

‘L 

- 0.10 

iL 

« 0.90 

tL 

-0.90 

log Im 

log P.E.I 

log Im 

log P.E.I 

log/m 

log P.E.1 

2 



6.6678 

7.9749 

4.0247 

6.6778 

3 



6.6641 

6.2054 






6.6614 

6.1654 

4.8886 


4 



6.8419 

6.4432 

6.8300 

5 



6.98tt 

y.5241 






6.9667 

6.4193 



6 



4.1044 

6.5746 

i.6879 

5.1942 

1 



4.8079 

6.6429 






4.8096 

6.9135 



8 

6.8862 

7.7955 

4.6138 

6.8271 

8.0086 

5.4816 

9 



1.6643 

6.9428 



10 

6.7419 

6.2520 

4.8916 

5.4069 

8.8498 

5.6243 

11 



4.9978 

5.2475 



12 

i.004 

6.4326 

3.1468 

5.6062 

8.6020 

5.9052 

13 



8.2336 

5.5771 



14 

4.2286 

6.725d 

3.3673 

5.8726 

3.8815 

4.4519 

15 



8.4966 

5.9058 






8.4760 

4.0250 






8.6061 

4.7116 



16 

4.6614 

5.2142 

3.6711 

4.1621 

2.1640 

4.6558 

17 



3.7723 

4.3524 



18 

4.7993 

5.2192 

8.8998 

4.4272 

2.4100 

4.8476 

19 

4.9438 

5.4081 

2.0241 

4.4848 



20 

S.68S3 

4.1159 

2.1866 1 

4.9294 

2.6204 

3.1807 


8.6698 

4.1828 

2.1884 

4.4827 

16278 

3.0764 


3.6039 I 

5.6769 






3.1136 

5.6771 

2.8771 

4.9902 



21 

g.ssso / 

J.7619 



22 

S.666S 

7.6653 

2.7091 

3.1508 






2.7490 

3.3212 



25 

S.8668 

4.3531 

1.0289 

3.5099 




i.87S6 

3.1469 

i.0049 

3.5270 




i.868S 

4.3071 

2.9911 

3.5183 



27 



i.l786 

3.8184 



30 

3.9086 

i.7355 

i.8098 

3.8828 




1.1968 

3.2666 

i.8167 

3.7121 



35 

1.8913 

3.0676 

i.6218 

3.9221 




1.6396 

2.0270 

1.6081 

3.9626 



40 

i.04S9 

3.5765 

0.0229 

2.4921 




i.oon 

2.2560 

0.0260 

2.5647 




1.9960 

3.5647 








linear functions of the light time fraction) are less than for white light. As 
regards t', about the same rate of change (again less than for white) Ls shown 
for all four colors, although the absolute values of t' differ. With FmMx, the 
rate of change is least for JR, great^ for G, -B, F in that order. 

m 

We may now consider the properties of the “cone^* curve parameters as a 
function of wave-length. It is to be noted that color per se is not in question^ 
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since the level of occurrence of the color threshold at critical fusion intensity 
produces no modification in the form of the curve, and its position on the curve 
can be experimentally pushed about by changing the light time fraction. 


TABLE n 
Blue 


F per fee. 

iL 

-0.10 

/L - 0.90 

logim 

log P.E.1 

login 

log PE.i 

2 



7 . 87 S 3 

9.6708 

4 



7.6888 

8.3120 

6 



6.0486 

8.3660 

8 



6.8228 

8.7401 


7.4862 

8.7900 

6.6682 

7.0004 

11 

7.7088 

8.7943 



12 

18841 

7.2315 


7.4318 

13 

6.1160 

7.5385 



14 

6.8641 

7.7757 

6.6786 

6.1774 

15 

6.6884 

7.9182 



16 

6.8186 1 

6.2166 

4.0888 

6.5917 

17 

6.0782 

6.4222 



18 

6.8816 

6.7108 

i .4422 

6.7871 

19 

6.6888 

5.0421 



20 

6.7828 

5.2569 

i.om 

S.4108 


6.7888 

5.0801 



21 

6.8888 

5.4901 

8.2018 

S.6869 

22 

4.8061 

5.9131 

8.4682 

5.9095 

25 

4.6127 

4.0380 

8.7200 

4.2662 

30 

4.8248 

4.4593 

8.8776 

i.6074 

35 

8.8201 

4.6139 

L 8881 

4.7279 

40 

8.6826 

3.1473 

2.7818 

5.3942 

45 

2.1060 

3.3120 

i . l 866 

5.5706 

50 

2.6886 

2.0347 

i .7878 

2.3444 

55 

i .6804 

i.6136 

i .0866 

1.4930 

56 



i .6066 

0.2067 

57 



2.1860 

6.7459 

58 

0.8218 

1.8353 



59 

0.7887 

0.1629 




When this is done the ir^og / parameter is not changed. We shall consider 
the color threshold indications subsequently. 

The curious point is at once apparent that for ^ given h percentage, 
can be higher (with violet^ blue^ green) than for white. At the same time the 
abscissa of the inflection point (save for the red) is less than for white. The 
reality of this drop is easily demonstrated by determining at a given convenient 
F the critical flash intensity for white light, then dropping a filter, say blue^ 
in the path of the beam. Thus at F » 30, h » 0.50, log /«, white was found 
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to be in one tat (10 observations) 1.7879; with the Uue filter dropped in 
place, it was 1.0755 wUh no correcHon made for the transmission of the blue fitter. 

TABLE m 


Green 


F per sec. 

IL - 

0.10 

<L - 

0.90 

log/at 

log P.E .1 

lOg/M 

log P.E .1 

2 

?.«764 

S.4127 

B.040S 

7.6359 

4 

6.1438 


6.8438 

7.8121 

6 

6.4411 

8.9579 

6.6888 

6.1902 

8 

6.8018 

7.1851 

6.9880 

6.2848 

10 

6.1608 

7.3278 


6.9491 

11 

6.3179 

7.7291 



12 

6.4698 

7.8702 

4.6486 

5.1241 

13 

6.6740 

7.9442 



14 

6.6660 

6.1208 

1.8864 

5.3037 

15 

6.8874 

6.2537 



16 

6.9837 

6.4403 

3.1687 

5.6732 

17 

4.1144 

6.5515 



18 

4.8777 

6.8429 

$.4084 

5.7810 

19 

4.3974 

6.8337 



20 

4.6386 

6.9507 

8.6880 

4.0562 



S.3258 



21 

4.7086 

5.2040 

8.8818 

i.2889 

22 

3.0179 

5.4773 

2.8416 

4.7579 

23 

3.1641 

5.6069 

8.8669 

4.7182 

24 

3.8899 

5.7127 



25 

3.8736 

5.7113 

8.6603 

3.0102 

30 

3.6883 

4.1846 

8.8874 

3.2941 


8.6673 

4.0748 



35 

8.0776 

4.6332 

i.l768 

3.5717 

40 

8.4638 

3.0915 

i.6170 

3.8274 


8.4347 

3.0736 



45 

3.8661 

3.1524 

i.9900 

2.3929 

50 

1.4966 

3.7677 

0.6789 

i.ll75 

55 


2.8836 

1.8483 

0.3348 

57 

0.9117 

1.4890 

> 


58 

1.0787 

1.3467 

3.1166 

1.4797 


0.9966 

1.3752 



60 

8.4767 

1.1170 




1.8966 

0.4859 




The general lowering of t' and the increase of Fmax. correspond, of course, 
to the meaning of a considerable variety of facts relating to the action of colored 
lights which have been curiously suppressed in the discussion of color theory 
as involving the general problem of excitatory efficiency. We shall return to 
fhifl in a following section. Here we need only comment on the fact that 
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this type of change is, in and of itsdf , constant with the general lowering 
of the brightness levd required for violet, blue, and green wave-lengths (as 
compared with red) abng the F — log / contour. We say “consistent with,’* 
because the same type of change is found for white light when ft is decreased, 
and (as demonstrated in the present paper) for single color regions. The theory 


TABLE IV 
Bed 


per fee. 

iL ■■ 0.10 

IL • 0.90 

log/i 

log P.E.1 

loglm 

]ogPJ5.i 

2 

6.0889 

f.9728 

4.6960 

3.0689 

4 

6.8689 

6.3329 

i.9481 

3.4192 

6 

4.1711 

6.7534 

8.3890 

3.6591 

8 

4.6369 

6.9153 

8.6681 

4.0521 

10 

4.9014 

S.3582 

8.0164 

4.6341 

12 

i.1096 

S.6409 

8.8868 

3.1796 

14 

8.4088 

S.8330 

8.6888 

4.8714 

16 

S.esn 

4.0843 

8.8801 

3.3010 

18 

S.9668 

4.2745 

i.0068 

3.5427 




i.0680 

3.5734 

20 

8.1888 

4.6001 

i.9888 

3.5664 


8.1701 

4.6978 

i.8847 

3.7944 

25 

8.6888 

4.8714 

1.6680 

2.0358 

30 

8.8898 

3.2684 

i.9890 

2.2521 

35 

i.l611 

3.5850 

0.8968 

2.6459 

40 

i.6481 

2.0760 


1.2359 


i.6407 

2.0760 





3.8175 



45 

i.8706 

2.5166 

1.0178 

1.9375 


i.9768 

2.4033 




1.9748 

2.4599 



50 

O.UTS 

1.0531 


0.0451 


0.6198 

2.9342 



52 



1.9081 

0.1959 

55 

1.8678 

1.1166 



57 

1.9008 

0.1479 




of this increase of Fm»x. as a result of decreasing h has been that the frequency 
of elementary contributions from excitable units has been increased (Crazier, 
Wolf, and Zerrabn-Wolf, 1937-38 a, 6; Crazier and Wolf, 1940; 1939-406). 
The increase of Fau. could thus be produced, other things equal, by using light 
of intrinsically lower excitatory power, and this must be e3q>ected to automati- 
cally lower t'. 

T& general situation cannot be reconciled in terms of photometric bright- 
ness, b^use of the data with red light and because there is no correction 
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Fig. 2. Figs. 2, 3, 4, and 5 give log Im as a function of F for the viol^f, blue, green, 
and red respectively, light time fractions fj. » 0.10 and 0.90. Data in Tables I 
to IV. 

On each curve is marked the position of the color threshold (C) and the level above 
which the critically fused field is smooth (5). 

An exceptional series with violet is shown in Fig. 6; it ties in with the aberrant point 
at the “comer" of the curve here given. 



Fig. 3. Blue 
97 
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(com) 

Fig. 5. Red 
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Fig. 6. The upper segments of the data in Figs. 2 to 5, on a probability summation 
grid. 



Fig. 7. An exceptional series of measurements with viokt] see text; the curve of 
Fig. 2 is also given. 



Fig. 8. The isolated “rod” contribution curves (Figs. 2 to 5) with their rising and 
falling branches transferred to a probability grid. 
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possible in tenns of the ‘^visibility function” for the several spectral regions 
we have used. We are convinced that a distinctly different mode of approach 
must be ei^loited before a valid and fruitful connection can be detected between 
the data of flicker and some other data involving the problem of visual excita- 
bility as a function of wave-length. We are also of the opinion that, significant 
as sudi a connection must be for hypotheses of color vision, it has been unneces- 
sarily ignored— although we do not need to detail at this point our reasons 
for the statement. 

The theoretical analysis of flicker response contours has shown for the 
amplex F — log curves of invertebrates and vertebrates and for the data 




Fig. 9. The relation between Fmu. and the light time percentage, for the four 
colors used, and for white. 

Fig. 10. The change of the “cone” abscissa of inflection (t') in the P — log /« 
curve as a function of the light time percentage. 

on vertebrates (including man), that the magnitudes of Pma.. are in direct 
proportion to the percentage dark time in the flash cycle (white light), while 
r' is inversely proportional to this percentage (Crozier, Wolf, and Zerrahn- 
Wolf, 1937-38 G, b\ Crozier and Wolf, 1939-40 6). The question therefore 
arises, as to how it is possible to obtain a larger total number of potentially 
effective elements (a Fmu.) by using the blue light, or violet, or green, filtered 
from a white, than by using the unfiltered white. There are two general ways 
in which this question could be approached. It could be supposed that dif- 
ferent regions of the spectrum have “antagonistic” effects when combined 
in white. Qualitatively, a number of different kinds of not very satisfactory 
instances could be brought in support of such an idea (c/. Wilson, 1891 ; Bab&k, 
1913; but </. Crofts and Laurens, 1924; Polimanti, 1916; etc.\ and observations 
by Crozier and Cole, 1924, on the circus movements of Limax, as yet unpub- 
li^ed). It does not necessarily amount to a denial of this general concqition 
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to insist that some further considerations must first of all be dealt with. These 
latter considerations arise because of the basic assumptions requited by the 
properties of the F — tog J contour. The properties in question are of two 
kinds: 1 he nature of the analjrtical function describing this contour, and the 
known quantitative attributes of its parameters. 

The form of the function as a normal probability summation in tog / is 
deduced on the basis that the neural units excited fluctuate in their momentary 
thresholds and in their momentary contributions to the determination of the 
observable result. For the examination of excitation as a function of wave- 
length of light, and for the estimation of excitabilities in different parts of the 
retina, means must be found for the uparation of these two contributions — 
the number of units, and the frequency distributions of their contributions of 
elements of effect. 

The independent properties of the parameters of the function — that is, of 
its asymptotic maximum (Fou.), of its abscissa of inflection (r'), and of the 
standard deviation of its first derivative (ffioc j), demonstrate objectively that 
the situation is essentially midHvariate\ a situation, that is, in which the quan- 
titative rdationship to be found between any two variables is, in the last 
analysis, dependent on the prevailing magnitudes of the other variables operat- 
ing (Crozier 1939 b] 1940 a, b). It thus becomes impracticable to establi^ 
in advance of quantitative information anything in the nature of “standard 
conditions’’ for the comparison of the wave-length effects. In the case of 
flicker, one cannot be assured that r' or Fmaz. will exhibit the same kind of 
dependence on retinal area illuminated, retinal location of test-image, light- 
time fraction, or temperature of the organism, for lights of different wave- 
length compositions. In fact, so far as tested they do not. 

One thing can be indicated, however. With vdMU and with lights of different 
colors the parameter (/lo, /, the standard deviation of dF/d tog I with Faux, 
put = 100, is (for each wave-length composition) independent of the light- 
time fraction (Crozier, Wolf, and Zerrahn-Wolf, 1937-38 a, 6; Crozier and 
Wolf, 1939-1940 i, and Fig. 8). In the experiments where h is varied the 
assumption has been that the basic excitability of the neural units concerned 
is not affected, but merely the frequencies with which 'hey rontribute ele- 
mentary neural effects. One proof of this, and an entirely adequate proof, 
is found in the fact that Fmax. is independent of temperature, and the tempera- 
ture characteristics for excitability are independent of the light time fraction 
(Crozier and Wolf, 1939-40 b) and of the form of the F - log I curve (^. 
Crozier 1939 o; Crozier and Wolf, 1939-40 a). Consequently we may lepti- 
mately compare e'lot t for the various regions of the spectrum. Indication 
should thereby be given as to the relative numbers of units involved, quite 
apart from the question as to the frequencies of their contribution to the deter- 
mination of the measured result. The basis for this expectation is found in 
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the now known results obtained by ddiberately varying the numbers of these 
units in other ways. This number may be changed by altering the area of 
the test-fidd (tf. Pi&on, 1935; Hecht and Smith, 1935-36), by placing it in 
differait parts of the retina, and by changing the level of lij^t a^ptation from 
which dark adaptation is measured (^. Crozier, 1940 b). Speaking of cone 
units, it is found that increasing the number of cone units brings about (above 
a certain small number) a decrease of o'laz / (Crozier, 1940 a); whereas, when 
the “rod” function can be followed without thus far detected cone complication, 
increasing the effective number of rod units brings about an increase of their 
o^ioc 1 (Crozier, 1940 b). 

At the moment we deal only with the “cone” branch of the duplex flicker 
curve; the “rod” portion must for Ararious reasons be considered separately. 
We find (Fig. 6) that the “cone” o-'ioc t> although independent of ti, is definitely 
a function of the wave-length composition. We have data showing that for 
the several colored lights used in the present observations the general rule 
here referred to is ob^ed when comparison is made with tests in a region of 
the retina where the cone density is smaller (c/. Crozier and Wolf, 1941-42). 
In the present measurements (Fig. 8), a'lot / is least for red, approximately the 
same for p^een and blue, greatest for the violet. Although the differences are 
not tremendous, they are abundantly real. It is significant that the rates of 
change of Faaz. with h are (as already noted — Fig. 9) in just this order. The 
point has been made before in a general way that the shapes of the F — log 7 
curves for different wave-lengths do not differ greatly (Hecht and Verrijp, 1933; 
Hecht, Shlaer, and Smith, 1935; Hecht and Shlaer, 1935-36; Hecht, 1937). 
Hie fact is, however, that form differences such as are here emphasized are 
contained in these older data as well, although not necessarily in the same 
order. In terms of the general proposition already stated, the violet here 
involves the smallest, the red the largest niunber of cone units, and the green 
and the blue about the same intermediate number. The respective values of 
Fmaz. are in the general declining order (Fig. 9): Violet, green, blue, red, and 
consequently there is a real qualitative agreement between the indications 
provided by these two parameters. The indication is that the smaller number 
of “cone” units provides the largest number of elements of effect. For our 
wMte, X is in between the values for blue and red; the values of its Fmx-, 
although intennediate, cannot be direct^ compared because thqr have quanti- 
tatively a different relation to the light time fraction. 

Such considerations do not in many respects agree with some traditional 
views of the basis of color (X) excitation. It might, of course, be sought to 
ignore the problem presented by supposing that the data of flicker can give 
no information about visual excitation as a function of wave-length. Perhaps 
some of the background for such an opinion could be found in vague general 
impressions as to the basis for flicker photometry — a distinctly different matter. 
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But since differences of the general kind here stressed are certainly validi as 
comparisons with earlier observations show (Ives, 1912, 1922, etc,), it would be 
patently idiotic to deny their possible utility. The import thqr convqr is that 
the number of (^^cone’’) neural units excited by red is more than for motet, 
while the green and blue are intermediate in this respect, like white. And at 
the same time it is clear that the slight differences between the shapes of the 
flicker color curves are not inconsistent with the more modem view (Hecht, 
1931, 1932, 1934) according to which color vision data can be described in 
terms of the spectral sensibility distributions of (three) species of [retinal] 
cones, of approximately equal numbers, and of approximately the same spread 
of wave-length sensibility. The hitch in this general view is in the definition 
of ''sensitivity”; from the flicker data it can be assiuned that the numbers of 
responsive cones in the three primary classes are about equal, or at least not 
very unequal: but the elements of neural effect they produce differ in number. 

Disregarding for the present the possibility that different regions of the 
spectrum may in white “act antagonistically,” for which special tests can be 
devised, and which is certainly not inconsistent with the present data, it is 
obvious that the facts thus far presented have no simple relation to traditional 
hypotheses of color vision. It cannot be asserted that red for example, or 
blue, acts simply on one-third or one-quarter of the “cone” units, if the white 
acts on all of them. The discussion of this problem is usually undertaken in 
distinctly different terms, namely with reference to the intensity required for 
excitation, for example at the visual threshold. The question then becomes 
one of reducing the flicker data to a valid basis for the comparison of wave- 
length effects. Comparisons cannot be made at fixed values of F or of /»,, since 
the forms of the curves are not the same. We can, however, eliminate some 
of the complication due to the difference between number of units activated 
and number of elements of effect produced by finding (graphically from Figs. 
9 and 10) the values of II which reduce the color curves to the same Fmax. 
(this does not change o-'iog /); from the graphs the corresponding values of the 
abscissae of inflection r' are then read. From these values of the flash in- 
tensity / and of /l the mean relative photometric energy flux is obtained for 
activation of SO per cent of the flicker recognition eleme:'?ts, a.= a function of 
the spectral region, under such conditions that each spectral region can activate 
the same total number of elements. The data for a comparison of this kind 
are given in Table V. 

The calculation is necessarily rough. For one thing, the slope of the 
(and Fmax.) vs. ti function is higher for white than for the colors, so that the 
result depends somewhat upon the level of Fmax» chosen. Moreover, the 
colored lights used are not monochromatic. Nevertheless it is apparent that, 
in terms of flash intensity as estimated by dim light visual photometry against 
white, the nrift-Tlmum of effectiveness is in the blue-green, the minimum in the 
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violet. When (Table V) the intensities are corrected to an energy basis by 
means of the thermopile measurements, the mean value of r' (for the fixed 
Fjomx-) for the 4 colors (2.58) is in good agreement with that for white (2.60). 

It is not at all impossible to employ this method of analysis under conditions 
of greater refinement as to X. The aistomary method of procedure compares 
threshold intensities under fixed conditions. ,The present general method 
deals with the intensities required to produce proportionately equivalent effects 
as measured. It thus avoids the impossible assumption that threshold effects 
are '^constant” and ''equal” (cf. Crozier, 19395; 1940o). From data on A/o 
as a function of exposure time it would be possible to estimate (ef. Crozier, 
1940a), with area fixed, the value of log /exp. required for 50 per cent activation, 
as a function of X. Such estimates would, for this area and retinal position, 
give basis for a valid visibility curve. Similarly, the analysis of differential 

TABLE V 

From interpolated values (Figs. 9 and 10) of + h) the levels of r' are estimated 
which are connected with Pmu, * 58.5/sec., for four spectral r^ons and white. The mean 
energy flux (with flash intensity in photometric units) critical for flicker is then given at this 
point of 50 per cent activation in the corresponding *^cone** populations of elements, and 
from thermopile readings in the last column. 



IL for FmM»» 

58.5 

T* 

Log relative mean 
flux 

With theimopile 
correction 

Violet 

91 

1.31 

1.27 

2.76 

Blue 

69.5 

3.66 

3.50 

2.39 

Green 

87.8 

2.72 

2.66 

2.94 

Red 

37 

2.63 

2.20 

2.23 

White 

25 

1.20 

2.60 

2.60 



intensive excitability (1/A/) as a function of X and of Ii (cf. Crozier, 1940^) 
can be made in precisely the same manner. Only in this way, it appears, 
can invariant indices be discovered making possible the real interpretation of 
the influence of such other variables as, for example, oxygen pressure. 

The r61e of the intensity at fusion can be rather directly seen in the behavior 
of the color thresholds. In Figs. 2 to 5 the flash intensities at the appearance 
of color on the 2 F — log / curves are for any one color separated by 0.86 ifc 
0.11 log unit; since the mean flux along the two curves (/^ = 0.10 and 0.90) 
differs by 0.95 log unit, and since observations were not made continuously 
along the curve but at comparatively coarse intervals, the agreement is taken 
to be close. Similar considerations hold for other subjective phenomena along 
these contours (^/. section V). 


IV 

* 

The appearance of the raw “rod” curves in Figs. 2 to 5 is in a general way 
Miwilar to that already known (^. Hecht and Shlaer, 1935-36). For the same 
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test aiea and light time fraction the white curve rises more abruptly and 
crosses the lines for the colored lights, when the “cone” curves are brought 
together by putting their inflection points at the same fliwh intensity (Fig. 11). 
The Hue curve is more nearly horizontal than the others, the red steepest; 
violet and green are intemediate and do not differ greatly. 

When the “rod” contribution is dissected out by the method previous)^ 
illustrated it is found that tr'utg i for the ascending curves is, as nearly as can 



EIg. 11. The comparative slopes of the lower segments of the F — log Im contours 
for white (Crazier and Wolf, 1940-416) and four colored lights, at tj, 0.90, the cone 
abscissa of inflection being brought to the same log I. 


be told, independent of h (as for white) and of the (apparent) “rod” Fm,*. 
for each color. It is greatest for the green, intermediate for blue and vudet, 
least for red. The red <r'iof / is less than for any of the others, indicating a 
fttinllw population of (rod) excitable units, but this is not necessarily true for 
other parts of the retina. This order differs from that with the “cone” curves 
(section in) in the relatively larger fundamental population of units thus 
{ndV”****! for the green, and smaller for red. It has already been shown (Cro- 
zier and Wolf, li>40-416) that the form of the decUning “rod” curves must be 
understood as due to the progressive inhibition of “rod” elements, and that the 
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value of the “rod” Fmax. is governed in the same way. We might then expect 
that a certain direct correlation should obtain between the apparent Fm%x, 
and the log I separation of the inflection points of the “rod” and “cone” sum- 
mations. For any one value of /l it is clear that (except for white) this rule 
is obqred: thus at /l = 0.10 we have: 

Computed **rad**Fau. (r'flooM-r'ioda) 


Violet 6.4 3.94 

Blue 8.2 4.02 

Green 4.4 3.35 

Red 4.2 2.97 


With fuller information it might be possible to derive the unhampered form of 
the “rod” curve as a function of wave-length, but this cannot now be at- 
tempted. We can rely only on the suggestion obtained from the cr'iog / in- 
dices. 

In speaking of the separation of “rod” and “cone” effects it is necessary to 
point out that, as with white light (Crozier and Wolf, 1940-416), the in- 
dications provided by different criteria for the incidence of “cone” effects do 
not give an entirely consistent picture. The kink in the F — log / contour has 
commonly been taken to give a dividing point between rod and cone function; 
under certain conditions (white light, and the usual II = 0.50) this point 
coincides pretty well with the transition to a “smooth” appearance of the field 
as critically adjusted for fusion and the change of the character of the “Flim- 
mern” end-point to a fine-lined flicker. With other light time fractions this 
correlation is upset. So also with color at the flicker fusion end-point. Careful 
note was made during the experiments as to the subjective appearance of the 
critically fused field at the points plotted along the curves and at various places 
in between. The color thresholck as observed in this way are marked on the 
graphs, as well as the levels at which, progressing upward, the field assumed a 
smooth appearance (i.e., no longer granular or “frosted”). 

From these records it is evident that, with violety bluOy and green, h = 0.10, 
the point of appearance of the proper color is rather high up on the curve. 
With red it is relatively a little lower. Using II = 0.90, however, the color 
point is pushed down close to the bend for blue and red although still far 
above it with violet and green. The smooth type of field-at-fusion may appear 
above or below the color level, in different cases. A certain amount of fluctua- 
tion is foimd inthe occurrence of these points, and this is easily influenced by 
fatigue. With violet, blue, and green the contrast after image color is detectable 
at critical flash-frequencies below the color point. We are convinced that the 
systematic examination of these matters can be rewarding, but at present it 
n^ only be emphasized that the criteria of separation of cone function as ob- 
tained from the shape of the curve have no necessary, simple relationship to the 
others mentioned. Similarly, the smooth %lue-gray” character of the field 
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Fig. 12. The relation between and P. E.ij (Tables I-IV), for the two sets o 
measurements (/l “ 0.10, 0.90) with violet, blue, green, and red. On a log ~ log grid 
the points form bands with slope *= 1 and of statistically determinate width, related 
to /l and to wave-length see text. (Since we arc interested only in the r^- 

tive variation, the bands have been separated for clearness.) For V, the aberrant 
series depicted in Fig. 7 is here given with tags. 
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along the “rod” curve may {violet, red, tt 0.10) persist rather far up the 
“cone” branch or (all the colors, h = 0.90) it may give way to a q)e^ed, 
granular field at half the distance up the “rod” curve. 

V 

The uniocular fiicker response measurements with white light have shown 
that the mean proportionality constant for the rectilinear relationship between 
7 m and the dispersion of Ii is independent of the light time fraction (Crozier 
and Wolf, 1940-415). At the same time, it is not independbnt of organic, 
central nervous factors; it is reduced by binocular regard in the ratio of\/T: 
1 (Crozier and Wolf, 1940-41a). For a given value of /«, consequently, in- 
dq>endently of F, the associated variation of 7i is independent of the total popu- 
lation of potentially excitable elements (a P„), but is a function of the potency 
which these elements exercise in effecting the statistical discrimination of lig^t 
from darkness in the flicker cycle. Fig. 12 shows, when the corresponding 
proportionality constants are evaluated, that there is no relation between this 
factor and wave-length composition, because it is constant. This agrees with 
what we know (Crozier and Holway: in preparation) on the basis of AI deter- 
minations with colored lights. 

There is, however, a definite correlation between the scatter of the dis- 
persion indices and Faux., both as regards the effect of the light time fraction 
and of the wave-length composition {violet. Hue, green, red). This is crudely 
visible in Fig. 12. It is easily stated more exactly by giving the mean and the 
S. D. of the distribution of the proportionality constants {cf. Crozier and Hol- 
way, 1937 ; Crozier and Wolf, 1940-41a). As the total size of the potentially 
available group of (cone) units is increased, the precision with which au, 
(and thus Im) is determined is definitely diminished. This corresponds to the 
fact that with while (Crozier, 1940) increase of size of the cone population of 
units (and thus of the elements of effect thty produce) increases the disper- 
sion of their effectiveness (denoting “interaction”). The spread constants of 
bands in Fig. 12 follow this rule, exc^t for red h — 0.90, where two points 
only are aberrant; the value for violet h = 0.10 is also rather high. Sporadic 
occurrence of irregular cases of this kind is, of course, to be expected on grounds 
of statistical sampling; For grem and Hue the spread constants, at a given 
Faux., are less than for white. Highly homogeneous data would be required 
for the further development of the possibilities here suggested. 

VI 

SUMMARY 

For spectral regions associated with violet, blue, green, and red the relation 
between mean critical flash intensity Im for visual flicker and the flash frequent 
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F is modified as already found with white light when the light fraction h 
in the flash cycle is c^ged. For a square image 6.13*’ on a side, foveally 
fixated, the **rod” and **cone” contributions to the duplex contour are analyzed 
in the way already used for white. It is pointed out that several customary 
qualitative criteria for cone functioning do not necessarily give concordant 
results. The analysis shows that the thr^ parameters of the probability 
summations giving the “rod” and “cone” curves are changed independently as 
a function of wave-length composition of the light, and of the light tim^ frac- 
tion. 

The correlation of these changes, and of those found in the associated vari- 
ability functions, can be understood in terms of differences in (1) the numbers 
of neural units potentially excitable and (2) in the numbers of elements of 
neural effect obtained from them. In a multivariate situation of this kind it is 
necessary to compare intensities of luminous flux required to activate half the 
total population of potentially available elements when this total size is held 
constant for the different conditions. The results of this comparison, for the 
filtered lights used, are discussed in relation to certain aspects of excitation vs. 
wave-length. The problem is a general one, arising where the effects produced 
as a function of a particular variable are concerned. In the distinction between 
(1) units excited and (2) the actions th^ produce may be found the clue for 
the curious fact that with certain wave-lengths the critical intensities are lower 
than for white. The extension of the observations to other parts of the retina 
may be expected to further this analysis. 
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INTRODUCTION 

Since their original isolation by Stanly in 1935, the protein preparations 
from plants suffering from virus diseases have been much studied, but chiefly 
chemically and biologically. This paper is an account of a physical and crys- 
tallographic study of virus preparations which was carried out in conjunction 
with the work of Bawden and Pirie (1937 a, 5; 1938 a, 5, c). 

The interest of this study is twofold, physical and biological. The properties 
of the virus preparations, particularly those that exhibit liquid crystal charac- 
ter, show many novel phenomena that throw much light on physicochemical 
problems, especially on those of colloid systems. They have revealed un- 
suspected regularities in the arrangement of long particles in anisotropic solu- 
tions, and thrown light on the structure of the various forms such liquids ex- 
hibit. The study of these substances has necessitated the development of 
new techniques of x-ray analysis and has resulted in the extension of their use 
to the measurement of repeat distances of the order of hundreds of Angstrbm 
units, thus going far to bridge the gap between x-ray and microscopic ob- 
servations. 

The properties revealed by these methods are exhibited in perfection by the 
virus preparations, but there is no reason to believe that tL^y arc confined to 
them, since they might occur in any aggregate of similar and markedly aniso- 
tropic particles. But x-ray analysis has revealed internal structures which 
are characteristic of the virus particles themselves.^ This is shown by their 

•Now National Research Fellow in Protein Chemistry, Physics Department, 
Massachusetts Institute of Technology, Cambridge, Mass. 

^ We have designated throughout the particles found in virus preparations as virus 
particles without prejudice to the question of whether thev are or are not the infective 
agent. This can only be answered by biological means but already the weight" of 
evidence seems to indicate that they are: (see Bawden and Pirie, 1937 a, h; 1938 a, 6). 

Ill 
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relative independence of the state of aggregation and by si gn ificant differences 
between different strains and species of virus. The virus particles have been 
shown to possess a regular internal structure which can be partially interpreted. 
These structures show interesting similarities and differences from those of 
both crystalline and fibrous proteins and help in turn to throw light on their 
constitution. The x-ray and optical studies are complementary to the bio- 
logical investigations of the virus and give a more concrete picture of the 
different states in which it exists both in nature and in artificial prq>arations. 
Finally, the comparative study of these structures shows an interesting 
parallelism with their biological relationships. 

The Progress of the Investigation 

In giving a rational account of all these somewhat complex phenomena, it is 
necessary to dq>art widely from the historical order of discovery. It may 
therefore not be out of place to preface it with a short accoimt of the actual 
steps of the work which will also serve as an introduction to all the main 
phenomena observed. 

In 1935 Stanley isolated from tobacco and tomato plants suffering from mosaic 
disease substances which he described as crystalline and which appeared to possess 
the properties of the virus. Shortly afterwards, Bawden and Pirie, using different 
methods of preparation, obtained solutions which separated into two layers, the lower 
of which exhibited a marked sheen. It was at this stage that we first examined the 
preparations and observed the spontaneous birefringence of the bottom layer solution 
and the flow birefringence of the top layer solution. The next stage was the produc- 
tion from these, by drying, of oriented preparations, the so called ‘‘wet'' and “dry" 
gels. 

An x-ray examination of the dry gel showed a fibre diagram similar to that of many 
proteins. It also showed what appeared to be strong equatorial reflections at very 
low angles. X-ray apparatus was developed to study these in detail and this revealed 
a pattern of five reflections corresponding to a hexagonal close packing of long particles 
with a diameter of approximately 150 A. 

At this point the x-ray investigation diverged into two lines. One dealt with the 
high-angle scattering and consequently with the internal structure of the particles, 
and the other with the low-angle scattering and consequently largely, though not en- 
tirely, with their mutual arrangement. These investigations are referred to subse- 
quently as “intramolecular" and “intermolecular" respectively. 

It was early shown that the intramolecular x-ray pattern was independent of the 
state of aggregation; dry and wet gels, bottom and even top solutions giving approxi- 
mately the same pattern. This showed the persistence of a definite unit which may 
be properly called the virus particle. 

The intermolecular pattern, however, showed a complete and quantitative depend- 
ence on the state of aggregation. All preparations, except the top solution, showed 
a regular hexagonal arrangement of particles, in which the particle distance varied 
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with the concentration. This showed th&t even in weak solutions, fotces were *rt ing 
between the particles capable of preserving a parallel and equidistant arrangement. 
An important negative result was that no indication of the length of the particles 
could be found by x-rays (Bawden, Pirie, Bernal, and Fankuchen, 1936). 

It was next shown that the “crystals” originally described by Stanley (1935, 1937), 
were identical with the wet gel preparations and possessed therefore regularity only 
in two dimensions and not in three as in true crystals. It could then be said that 
all but one of the phases of the virus had substantially the same structure. The one 
exception was that of the crystals found in some infected plants which were too 
for x-ray examination but appeared to be true crystals confirming the idea that the 
virus existed in a different form in the plant from that of any of its preparations studied 
by us. (However, see the paper by Loring, Lauffer, and Stanley, 1938.) 

Examinations of the intra- and intermolecular patterns of different strains of to- 
bacco mosaic virus, cucumber viruses 3 and 4, and potato virus X (Bawden and Pirie, 
1937 6, 1938 a) were also made and showed significant and illuminating similarities 
and differences (Bernal and Fankuchen, 1937). Subsequent observations have clari- 
fied and to a certain extent corrected these findings. An unexpected discovery was 
that of the single crystal character and the secondary orientation relative to the water 
surface of the gels formed by drying. This orientation is not shown by the particles 
themselves, demonstrating even more clearly the independence of the internal struc- 
ture and the external arrangement of the virus particles. 

More detailed investigation of the inner structure of the particles brought to light 
a high degree of regularity and complexity. The most perfect results were given by 
solutions, showing that the internal regularity is a characteristic of the virus particle 
itself (Bernal, 1938). The complexity of the x-ray pattern for long baffled interpreta- 
tion until it was discovered that it was due to the presence of intensity maxima not 
conformable with Bragg’s law owing to the small number of cooperating planes. It 
was then possible to establish a hexagonal unit cell (a - 87 A, c » 68 A) and to say 
something of the internal structure and its resemblances to and differences from those 
of the crystalline proteins that have been studied by x-rays. 

A most fundamental simplification resulted from further study of gels of different 
water contents and also of those swelled in acid and salt solutions. This showed con- 
clusively that all degrees of interparticle distance were possible and that there was no 
fundamental distinction between dry gels, wet gels, and bottom solution. These are 
all one phase with “top layer” solution as the only other phase. It further showed 
that the particles did not swell on wetting as had been though? at aii intermediate 
stage of the investigation, and that their distance apart was entirely due to the proper- 
ties of the solution in which they were immersed. A knowledge of this at once made 
apparent the explanation of the special physical properties of the virus separation 
into layers, tactoid formation, etc. Indeed the theory can be further generahsed to 
explain many colloid phenomena, such as thixotropy, and the structure of gels. A 
very promising e^lanation has been furnished by the theory of Levine (1939, a, 6, c), 
which accounts for the interparticle forces as due to interpenetration of ionic atmos- 
pheres. Finally, one serious gap in the investigation of the virus, namely the question 
of the length of the particle, has probably been settled by the remarkable achievement 
of Kausche and coworkers (Kausche et al., 1939), who have succeeded in photograph- 
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ing isolated vims particles in the electron microscope. Their observations are com- 
patible with the picture of a thin straight particle of 15 vol/jl thickness, but show that 
the length is always a multiple of some unit of minimum length of the order of ten 
times the thickness, lengths beyond the range of observation of the x-ray methods 
used here. 

All these results can be fitted into a general picture in which, however, only the 
outlines can be claimed to be well established. The views presented here must be 
taken as superseding in the light of fuller evidence those put forward in our earlier 
publications. 

In what follows an attempt is made to achieve a logical order of presentation. 
In Part I a general description is given of the different phases of the virus 
preparations and of the methods used for examining them. In Part 11 the 
mutual arrangements of the particles in the different phases is discussed as 
well as the conditions controlling the relations between them. In Part III, 
Section 1, the evidence for their internal structure is presented; the relation 
of this to the structure of proteins is considered and on the basis of this, certain 
suggestions for possible structures are put forward. In the second section 
of Part III, comparisons are made between the structures of different strains 
and kinds of virus, and the possible biological implications of the physical 
investigations are discussed. 

Preparation and Description 

The purified virus preparations examined were (a) Tobacco mosaic virus, 
(b) enation mosaic virus, (c) aucuba mosaic virus, (d) cucumber virus 3, (e) 
cucumber virus 4, {f) potato virus X strain P, (g) potato virus X strain G, and 
(A) tomato bushy stunt virus. All these were prepared for us by Bawden 
and Pirie. For their methods the reader is referred to the original papers 
(Bawden and Pirie 1937a, A; 1938a, A.). 

We received tlie material except for the bushy stunt virus in the form of liquid 
crystalline solutions, containing from 5 to 34 per cent of dry weight virus. These 
several substances were examined in very different degrees of detail. The tobacco 
mosaic virus, which was not only the easiest to obtain but the stablest preparation, 
was most studied. In what follows all descriptions will be supposed to refer to it or 
to its very similar strains unless otherwise specified. 

The properties of the virus preparations depend primarily on the concentration of 
virus. There are only two distinct phases, the disordered, and the ordered. The first 
is referred to as top layer solution and is an opalescent isotropic sol. The second 
varies from an anisotropic sol, referred to as bottom layer solution, through various 
stages of viscosity and rigidity to wet and finally to dry gel. Though all these form 
one phase and are not as was previously thought separate phases, it is convenient to 
treat them separately as they require different methods of preparation and examina- 
tion. Top layer solutions are found for dilutions containing less than 4 per cent dry 
matter in the less well purified (and also probably less well aggregated) preparations, 
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Text-Fig. 2. Cell for making oriented dry gel. 
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or less than 1.8 per cent in the purest preparations. In concentrations greater than 
1.8 per cent or 8 per cent according to the degree of purity and less than 34 per cent, 
the solutions referred to as “bottom layer/’ are spontaneously birefringent (Text- 
fig. 1). The more concentrated of these solutions were prepared by centrifugation 
(Bawden and Pirie, 1937 a). Bawden and Pirie describe them as jellies. They show, 
however, complete continuity with the more dilute solutions, differing only in their 
greater viscosity and we accordingly consider them to be part of the same phase as 
the bottom layer solution. 


The solutions on dr 3 dng in ordinary vessels form a skin on the surface, which was 
early found to be birefringent and therefore showed that the particles were oriented 
relative to the air-water interface. This property was made use of to prepare oriented 
specimens of wet and dry gels by controlled evaporation in a simple cell. A drop of 
virus solution is introduced between a microscope slide and a cover-glass, kept apart 
by two glass threads, which can be of various thicknesses, according to the amount of 
material and thickness of gel required. The slide is then gently tilted so that the 
liquid fills the space between the glass rods down to the lower edge of the cover-slip 
(Text-fig. 2, and Plate 1 Fig. 1). The upper surface of the liquid being relatively 
protected from evaporation by the narrow space between the cover-slip and the slide 
does not form a skin. Most of the evaporation accordingly takes place through the 
skin at the bottom on which the solid material is deposited forming ultimately a layer 
of wet gel consisting of a single “crystal.” The process is gradual and can be foDowed 
in a microscope. At an intermediate stage it could be seen from the birefringence 
that the concentration of the solution increased up to the sharp boundary of the wet 
gel where it attains the limiting birefringence of about 0.001. The wet gel forms a 
layer sharply distinguishable from this with a birefringence of 0.006. This distinc- 
tion seems, however, simply to be due to the speed of drying and the inability of the 
more viscous concentrated solution to diffuse into equilibrium. The consistency of 
the wet gel varies accordingly with the speed of drying. On the outside the wet gel 
appears to pass also with a sharp boundary into dry gel which has a lower birefringence, 
0.003. A shrinkage amounting to about 50 per cent— limited necessarily to one 
dimension— occurs in the drying out of wet gel. On further drying longitudinal, 
and less frequently, transverse cracks occur, leaving single pieces of approximate 
dimensions 1.0 X 0.5 X 0.5 mm., which can then be examined as are ordinary crystals 
by x-rays. This method of preparation of oriented surface layers of considerable 
thickness is one we have subsequently found to be of very general utility. By means 
of it we have prepared, for example, oriented specimens of nucleic acid and of the 
lipoid containing antigen from Brucella, 

Wet gel specimens for x-ray examination cannot be obtained in this way, as the 
material is softer than butter, and could not be removed from the cell without de- 
stro 3 dng its orientation. This difficulty can be overcome in two ways. A mass of 
wet gel can be reoriented by rolling between glass plates in a low temperature room 
to avoid loss of water. The oriented cylinders can then be transferred to the thin 
glass cells described below (p. 119). Alternatively, rewet gel can be used. A piece 
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of dry gel can be introduced into a narrow thin-walled tube and a suitable liquid- 
water, acid, or salt solution— can be introduced through a fine capillary. Except in 
extreme cases the gel swells without losing its orientation. Swelling can be limited 
by adding measured quantities of solvent, or equilibrium swelling reached by filling 
a section of the tube with the appropriate solution. 

The “cr3rstals” precipitated from solutions by acid (Bawden and Pine, 1937o)* can 
be separated by centrifuging in the end of an L2 Chamberland filter candle (Bawden 
and Pirie, 1937a),* the buttery mass rolled and transferred into the special cells (de- 
scribed below) in the same way as for the completely wet gel, from which it is indis- 
tinguishable as will be subsequently shown (p. 129). 

Optical Examination 

The optical studies on the virus were made with a Swift Dick polarising microscope. 
For examination of the solutions the simple cell described above was used, but where 
thicker preparations were required, free from the danger of evaporation, a cell con- 
sisting of two microscope slides separated from each other by a rubber sheet gasket 
and held together by brass clips was used (Text-fig. 3). Capillary tubes are also use- 
ful for certain purposes and their refractive effects were neutralised by immersing 
them between slide and cover-glass in a medium of suitable refractive index (Plate 
2, Fig. 11). 


X-Ray Examination 

The standard x-ray apparatus used for the study of small crystals requires to be 
modified in two directions, both in order to measure low angle reflections and to en- 
hance their intensity. To study adequately the large spacings which were observed, 
it was necessary either to use longer wave-length radiation or to examine the diffrac- 
tion at smaller angles. The reason many of the phenomena here described were not 
discovered earlier was probably due to the choice of the first method. In deciding 
what radiation to use three factors must be borne in mind — the actual dispersion 
given by the radiation which at small angles is directly proportional to its wave-length, 
the absorption in all substances which is approximately proportional to the cube of 
the wave-length used, and the difficulty of producing the radiation which in turn 
depends on a number of factors but is certainly far greater for long wave-length radia- 
tion than for the standard copper Ka radiation. The great advantage of using this 
radiation is that it is possible to work in air without vacuum cameras, and to use com- 
mercial x-ray tubes with large out-put. The necessary dispersion can be obtained 
most easily merely by increasing the specimen to film distance. It may, in the future, 
be necessary to work with long wave-length radiation, but for the moment all the 
preliminary work can most conveniently be done by changing the camera rather than 
the radiation. In the second place it was found that the reflection from many of the 
specimens was extremely feeble and means had to be used to increase the intensity of 
the scattered radiation, and the contrast achieved on the films. This was done by 


* Page 294. 

* Page 300. 
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the adoption, where it was geometrically possible, of slits instead of the usual pin- 
holes, which enabled exposure times to be cut down considerably. Finally, particu- 
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Tsxt«Fig. 3. Small cell for optical studies of tobacco mosaic virus proteins. 



Text-Fio. 4. Peristaltic pump and glass circulatory system for x-ray examination 
of oriented top layer solution. 

laily in the case of examination of liquids and wet gels, monochromatic radiation 
was used. The device introduced by one of us (Fankuchen, 1937) provided a source 
of monochromatic radiation, little if anything weaker than that provided by the 
direct radiation from the tube. Two types of cameras were accordingly used. A 
long camera for the intermolecular reflections was adapted from the normal Pye 
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camera (Bernal, 1928) by the addition of an arm 40 cm. in length, and the corre- 
sponding elongation of the slit system. The slits were made by adjusting lead jaws 
under the microscope to about 0.10 mm. in width. They were placed 15 cm. apart, 
and the scattering from the second slit was checked by a slit of 0.20 mm. near the 
crystal specimen. In this way it was possible to obtain a beam which, at a distance 
of 40 cm. was only 0.7 mm. wide, and therefore subtended an angle of 5' at the crystal. 
It was possible to measure diffraction angles of 4.5' corresponding to a spacing of 
12(X) A. In some experiments the whole of the apparatus between the specimen and 
the plate was replaced by a vacuum camera, but without appreciable improvement. 
Besides this normal type of long distance camera, monochromatic slitless cameras were 
also constructed and used. The short cameras used for the intramolecular investiga- 
tions were of the normal pin-hole type, but with specially small pin-holes giving a 
beam of divergence 20', thereby enabling plate distances up to 15 cm. to be used. 
The longest spacing measurable in this way is about 200 A. Great care was taken to 
cut down the lead stop to a size allowing the of pattern to be seen without 

any overlap of the central beam. It was found useful to use extremely thin lead back 
stops, leaving a faiiit trace of the central beam on the plate which could be used as a 
point of reference. With monochromatic radiation the lead stop could be replaced 
by one of a definite thickness of aluminium which allowed only a known proportion 
(1 per cent and 0.01 per cent) of the radiation to be transmitted and could therefore 
be used to estimate the absolute intensity of reflection. 

Of the specimens for x-ray examination only the dry gels could be mounted in air. 
For other preparations thin-walled tubes or special cells were used. It was found 
possible to mahe out of a special low absorption borosilicate glass, tubes of wall thick- 
ness of the order of 0.02 mm. These tubes were tested for x-ray absorption when 
empty and only those which absorbed less than a quarter of the incident characteristic 
copper Ka racUation were used. There is no advantage in pushing the thinness of 
the capillaries very much further, because the water with which the specimens are 
enclosed produces more absorption than the glass. 

The specimen was usually secured against change in the capillary by sealing the 
ends in a smaU flame. It was of great importance to have absolute sealing to avoid 
any change in the specimen during the long exposures which often proved necessary. 

These capillaries were used mainly for specimens of wet gel precipitated cr3^tals, 
and for bottom layer solutions of various strengths. For top layer solution, in order 
to produce orientation, it was necessary that the liquid should be^flowing. A small 
apparatus was therefore prepared, consisting of a stout capillary lube system, on to 
which was sealed a piece of thin capillary, the liquid being maintained in motion by 
means of a peristaltic rubber tube motor (Text-fig. 4). In this way both top solution 
and precipitated crystals were examined in the oriented state. 

The disadvantage of capillary tube methods is that specimens which are easily 
deformable cannot conveniently be introduced into them. For x-ray examinations 
of such specimens a small brass cell was used. TTiis was prepared as follows. Two 
brass plates of dimensions 7X7X1 mm. were accurately ground together and a 
hole of 2 mm. diameter drilled through them. To the ends of this hole were sealed 
sheets of borosilicate glass blown to bubble thinness. The brass plates were then 
sealed together with sealing wax. Just before using, the seal was broken with a sharp 
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pointed knife (Text-fig. 5). Into this cell the specimen was introduced and the plates 
were then sealed by closing the fine crack in the sealing wax with a heated knife blade. 
All these of>erations were carried out in a low temperature room to avoid evaporation. 
Such cells showed no appreciable loss of water over periods of many days. It might 
be thought that the scattering of the glass, which though small in volume is of the 
same order as that of the scattering material to be studied would affect the photo- 
graphs. This, however, was not found to be so. A certain amount of scattering did 
occur, but it was in a range equivalent to 4-2 A, and therefore at angles which were 
much too high to interfere with any of the significant scattering from the specimens. 
The same was largely true of the water scattering. It is an interesting but not un- 
expected fact that prolonged exposures show no appreciable scattering for the water 
or glass at very low angles. The slight scattering that did occur at low angles was 
subsequently shown to be largely due to the air in the apparatus, as most of it could 
be removed by using a vacuum camera. 



Text-Fig. 5. Small cell for x-ray study of wet gels. 


II. The Modes of Aggregation of Virus Particles 

This section is conveniently divisible into two main parts, first a description 
of the x-ray and physicochemical observations on modes of aggregation of the 
virus, and the second a discussion of these observations in the light of a general 
theory of equilibrium between colloid particles. 

A. The Observations 

All the viruses examined, excq>t bushy stunt, have one common character- 
istic: their capacity for forming doubly refracting aggregates. In the case of 
the dilute top layer solutions this is only produced by flow orientation. In 
bottom layer solutions and gds, the orientation is spontaneous, any ama.| l 
rqpon of the material behaving as a uniaxial positive crystal. Normally, these 
regions have different orientations, but by flowing, rolling, and the action of 
neighbouring surfaces, for example in narrow tubes or on air-water interfaces, 
portions of the material can acquire the same orientation. The orienta- 
tion of the wet gel is retained on drying. The needle-shaped ^^crystals’* 



J. D. BESNAL AMD I. BAMKUCaEM 


121 


precipitated by acid or ammonium sulfate, the tactoids of bottom layer solution 
ocoming in top layer solutions (see p. 128), and the hexagonal crystals oc- 
curring in infected plants also show positive birefringence. 

The simplest explanation of this property is that it is due to the pyistence in 
all the phases of markedly anisotropic particles, which have a tendency to set 
themselves parallel. X-ray examination confirms and gives precision to this 
hypothesis. 

When oriented preparations of dry and wet gels and solutions of strengths 
down to 8 per cent are examined in the low angle x-ray camera described above, 
a pattern of reflections is observed characteristic only of the concentration of 
the specimen (Plate 3, Figs. IS and 16). This is called, for reasons that will be 
discussed below, the intermolecular pattern. All these reflections occur on the 
equatorial line in the photograph, that is th^ correspond to planes parallel 
to the axis of orientation. The most careful search was made for other inter- 
molecular reflections, particularly from planes perpendicular to the orientation 
axis, but it failed to reveal any such reflections. The most complete inter- 
molecular pattern is given by dry gels. There are four strong reflections, but 
three other weaker ones have been observed, particularly well developed in the 
cucumber virus (Plate 3, Fig. 18). (The potato virus X gives no observable 
intermolecular pattern, see below p. 159.) 

These reflections correspond to the first four planes of a two dimensional 
hexagonal packing of side 152 A (146 A for the cucumber virus). The agree- 
ment of the spacings with those calculated for a hexagonal lattice is perfect 
(see Table I); any variation from it would lead to blurring of the outer lines, 
which does not occur. The lines are in fact remarkably sharp, indicating that 
the areas of regular packing are large compared to the size of the particles. 
Actually, as will be shown later, the effective area may extend to that of the 
whole specimen. The patterns for the wet gels, for the precipitated “aystals,” 
and for the solutions, also correspond to a hexagonal packing, with spacings 
increasing with the dilution; but here it is rarely possible to distinguish more 
than three lines in the first two cases and two in the last, the ratios of their 
spacings still indicate, however, the hexagonal nature of th^ packing. The 
full data are given in Table I. 

The existence of hexagonal packing and the absence of any intermolecular 
reflections from planes not paj^allel to the axis of birefringence point to the 
existence of particles of identical cross-section, not less than 150 A in diameter 
which have a tendency to pack in parallel bundles but give little information as 
to the lengths b^ond setting a minimum value of about 1500 A. We will here 
attempt to relate the observed properties of the virus at different concentrations 
to this hypothesis and in particular to discuss the transition between the 
ordered and disordered phases. It will be convenient to discuss first of bU. thd 
bottom layer and top layer solutions and from there to pass to a discussion of 
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the gds, bearing in mind, however, that the bottom layer solutions, the wet 
and dry gels, all form part of the same ordered phase. 

BoUam Layer Solutions 

As has already been mentioned, solutions of the virus of concentrations 
between 1.8 per cent and 34 per cent if purified and of between 8 per cent and 
34 per cent if less pure form spontaneously birefringent liquids whose properties 
change continuously with the concentration. The solution at extreme dilution 
appears clear except for a characteristic sheen, and mobile, possessing a low 
but anomalous viscosity. While the more concentrated solutions are extremely 
viscous, they r an be made to flow through capillaries, but they will not flow 
under their own weight, possessing a certain degree of elasticity which might 
lead to their being considered as gels (see p. 131). Such centrifuged prepara- 
tions from the solutions are not distinguishable by x-ray methods from dry 
gels swelled at high pH or in dilute salt solution. 

Examination of the liquid in bulk shows that it is divided into birefringent 
regions, which, in the still liquid,have no discernible shape or relation to each 
other. The size of these regions depends on the concentration of the virus. 
It is largest in the most dilute and smallest in the most concentrated solutions. 
Examined in thin layers, the liquid has the appearance shown in Plate 1, Fig. 4; 
the areas are seen not to be sharply defined regions, but represent a continuous 
flux of direction of birefringence in layers of 0.5 mm. or so, showing orders up to 
the 3rd, but there are no really black regions, indicating that parallelism to the 
glass sides does not extend through the distance between them but instead 
that there are twisted formations showing optical activity as can easily be 
seen by rotating one of the nicols. 

In extremely thin layers, regions of approximately constant orientation 
appeared, the direction of maximum birefringence varying over the field in a 
sinuous manner. There is a marked tendency for orientation to take place 
parallel to the glass and optically active layers can be artificially produced by 
rotating the cover-slide over the glass head as in the case of nematic liquid 
crystals (Friedel and Friedel, 1931). 

In flow the maximiun refractive index sets itself along the flow lines, but 
when the flow ceases this arrangement is maintained indefinitely. Plate 1, 
Fig. 2 shows the effect of flow very clearly. The liquid is flowing through a 
narrow aperture between the glass tube spacing rod and a layer of wet gel. 
On the side from which the flow comes the orientation lies parallel to a set of 
stream lines converging on the orifice, while on the other side flow consists of 
loops alternatively to the right and left of the orifice. 

In thin tubes there is in general after a little time complete orientation with 
the direction of maximum refractive index along the axis of the tube. The 
extinction direction is as sharply defined as in a true crystal, showing a definite 
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mean orientation of the particles. Pin-hole x-ray photographs taken at film 
distance of 12 cm. and 15 cm. (Plate 4, Fig. 24, and p. 136) show that most of 
the particles have this mean orientation; the angular scatter of the particle 
axis is not more than 1.5® and is probably much less as this measurement makes 
no allowance for the lack of resolving power of the particle reflections. 
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Text-Fig. 6. Relation between virus concentration and interparticle distance. 

RegularUy of Structure 

Photographs taken with the special camera at 20 cm. or 40 cm. plate distance 
show two large spacing lines, which are in well oriented specimens, very sharp 
(Plate 3, Fig. 17) as well as a diffuse line at 93 A which does not vary with the 
concentration and is consequently produced by the particle and not by the 
arrangement of particles (see p. 153). As has already been mentioned, the 
sharp lines correspond to the two first reflections (1010) and (1120) of hexagonal 
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packing of variable interparticle distance. Measurements of this distance 
brought to light an extremely simple regularity. The distance between the 
particles is inversely proportional to the square root of the concentration by 
volume and is expressed by the equation R = 1650/\/iV where R is the inter- 
particle distance in A units and N the number of grams of vacuum dried virus 
in 100 cc. of specimen. The immediate consequence of the existence of this 
relation is that the particles distribute themselves in a hexagonal array so as to 
fill the available space as uniformly as possible. 

This is shown in Table II and in Text-fig. 6 by plotting the area of a unit 
cell of the hexagonal arrangement against the volume of solution associated 
with unit weight of dried virus. For percentage concentrations ranging from 
100 per cent for the dry gel down to 13 per cent the points lie, within the 
experimental error, on a straight line through the origin. 

A further implication of the relation between spacing and concentration is 
that on dilution, the particles separate measurably only in the direction at 
right angles to their length. If they also sqiarated to any considerable extent 
in the direction of their length the lateral separation would not increase at the 
rate observed. This suggests that the particles may form long chains in the 
solution and even that there may be some form of attachment between their 
ends. Such attachments have been observed by Kausche et al. (1939). The 
observation of a regular lattice arrangement of colloidal particles in solution 
and at distances up to SOO A — more than three times the diameter of the 
particles — ^may prove to be of cardinal importance for the theory of such 
solutions. The discussion of its physical basis will be left till later. 

Reversed Spirals 

Before leaving the description of the bottom layer solutions, it is worth 
mentioning another typical structure which they exhibit, that of reversed 
spirals. When the liquid is made to flow rapidly through a fine tube, or 
alternatively the tube is set vibrating by bending one end and releasing it, 
it appears between crossed nicols to show striations which divide it, when the 
nicols are parallel to the tube, into light and dark regions (Plate 2, Figs. 7 and 
8). This is a phenomena first observed by Van Iterson (1934) in cadmium 
glycerophosphate. On turning both nicols it can be seen that the light regions 
are never extinguished, but that they can be made to do so if one nicol is 
turned, showing that the light regions are alternatively dextro- and laevo- 
rotaiy, while the dark regions separating them behave like optically inactive 
crystals oriented parallel to the tube. The explanation of these optical effects 
is clearly that here the long axes of the particles set themselves spirally in the 
tube, these spirals being alternately right and left handed, separated only by 
r^ons where the particles lie parallel to the tube axis (Text-fig. 7). The 
reverse qiiral arrangement for liquid flow is a further confirmation of the 
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existence of very long particles. Eirich and Simha (1937) have shown 
experimentaUy as well as theoretically, that if parallel oriented particle^ 
experience resistance on flowing through a tube a periodical change of orienta- 
tion IS the most stable arrangement. 

Similar phenomena are shown in the drying gel, in capillary tubes or on 
plates, (Plate 2, Fig. 10), but in this case a zigzag instead of a spiral arrangement 
is produced. These phenomena are of interest because oi their close resem- 
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Text-Fig. 7. Directions of molecular axes in reversed spiral arrangement on sur- 
face of circular cylinder. 

blance to many natural structures, for examples, to the stria^ons of muscle 
(Bernal 1937), and this suggests very strongly that all are due to the same 
cause — the presence of long particles with a tendency to parallel orientation. 

Top Layer Solutions 

The top layer solutions are slightly opalescent, markedly more so than the 
bottom layer though they contain less solid material. This indicates at once 
their greater optical inhomogeneity due to their lack of regular arrangement. 
Lauffer (1938a) has studied polarisation of the Tyndall effect on these solutions 
and confirms the presence of long particles. The birefringence of the particles 
is, in his opinion, rod birefringence and not intrinsic. The proofs adduced are. 
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however, not altogether convincing as the influence of the medium on the 
particles cannot be excluded. Mere loss of birefringence might have been 
produced by disaggregation and no increase of birefringence after passing a 
minimum was demonstrated. Nevertheless some rod birefringence must be 
present to account for the observed diminution of birefringence between wet 
and dry gels (see p. 129). The chief prof)erties top layer solutions exhibit 
are flow anisotropy and anomalous viscosity. Both of these and the relation 
between them have been studied by Robinson (1938; 1939 a and b) and his 
conclusions will only be mentioned here in so far as they throw light on the 
shape of the particles. 

Flow Anistropy ami Viscosity 

In any flow having a velocity gradient, the particles are oriented in relation 
to the stream lines, but do not, except for high speeds or very long particles, 
lie in them. For the most part they turn end for end in an irregular manner 
about axes in the planes of flow perpendicular to the stream lines, spending 
most of the time in a position near to but not precisely at that of the stream 
lines, as brownian motion tends to produce an equflibrium position making a 
definite angle with them. This is the complement of the so-called angle of 
isocline, observed in flow birefringent solutions. This process gives rise to an 
anomalous viscosity, that is, to a frictional loss of energy increasing less rapidly 
than the rate of shear. Robinson has shown that these phenomena are affected 
by temperature in the way this theory would indicate. Rise of temperature 
brought about diminished flow birefringence, increased deviation of isocline, 
and increased anomalous viscosity. From his measurements it was possible 
to obtain an estimate of the ratio of length to thickness of the tobacco mosaic 
virus particles in the preparation he used as 88 to 1, a measurement which will 
be discussed later. 

The solutions studied by Robinson were extremely dilute— 0.02 per cent — 
and the particles moved completely independently. In more concentrated 
solutions approaching the limiting concentration of the phase 1.8 per cent to 
4 per cent, there is evidence of interaction between the particles in solution, 
elastic viscosity begins to appear, and the flow birefringence does not disappear 
immediately on stopping the flow but persists for a longer or shorter time 
according to the degree of purification of the virus. 

Effects of Electric Currents 

That there is an appreciable time of relaxation in strong top layer solutions 
is also shown by their behaviour in electric fields. A small cell with platinum 
electrodes about 1 mm. apart was used to study this effect and was observed 
between crossed nicols. The effect of passing a direct current across the cell 
was an immediate luminosity around the anode. This luminosity was quite 
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clearly due to the cataphoretic concentration of the virus, tbepartidcs of wbicb 
^rry a negative charge, and the consequent formation of spontaneously 
birefrmgent bottom layer. With low voltage— less than 1 volt— the effect 
was reversible. Reversing the current caused the disappearance of luminosity 
at one electrode, and its appearance at the other, the two being bridged by fine 
streamers. With higher voltages, irreversible changes took place involving the 
permanent formation of birefringent gel. 

With alternating current, as long as the voltage was low — less than 5 volts— 
no such appearance of the bottom layer was observable. Instead, the switch- 
ing on of the current immediately gave rise to a faint luminosity between the 
electrodes, this luminosity being clearly due to the orientation of the top 
layer itself (Plate 1, Fig. 6). The luminosity appeared the moment the current 
was turned on, but did not at once disappear when the current was broken, 
remaining for a period, estimated to be between 1/lOth and l/5th of a second. 

These experiments indicate that the anisotropic virus particles are easily 
oriented, but that this orientation is brought about, as in many other liquid 
crystals forms, more by the cataphoretic currents produced by the electric 
field than by the direct orientation elBiect of the field in part of it, as is also 
the case with many liquid oystals (Freedericksz and Zolina, 1933). This is 
confirmed by our failure to observe any orientation in a magnetic field of 5000 
gauss. Lauffer (1939) has made extended observations on electric orientation 
of tobacco mosaic virus. He ascribes it to dipole effects but his observations 
are not inconsistent with the explanation given above. 

X-Ray Examination 

The x-ray examination of the top layer solution carried out in the continuous 
flow apparatus, already described, confirmed the picture of the almost complete 
orientation. No intermolecular pattern was foimd, but this was not surprising 
as the calculated mean interparticle distance should have been of the order of 
1500 A, nor would regular interparticle distances be expected in any case. On 
the other hand, the most intense reflection of the intramoleralar pattern 
(0006) (see p. 148) appeared in the form of arcs which were sharp and of small 
angular width, indicating at the same time the parallel orientation of the 
particles and their identity with those of the ordered phase. 

Equilibria between Top and Bottom Layer Solutions: The Tactoids 

In the initifl.1 separation of top and bottom layers from a virus solution and 
in any subsequent shaking together of the layers, characteristic spindle- 
shaped bodies are observed (Plate 1, Figs. 3 and 4). Similar bodies have been 
observed in other colloidal solutions and named tactoids by Zocher (1925i 
1929) (see also p. 131). The tactoids are of two kinds, which we have called 
positive and negative. Positive tactoids contain bottom layer in top layer 
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solution, negative top in bottom. In Plate 1, Figs. 3 and 4, both are shown. 
Both kinds of tactoids have when undistorted a roughly toroidal sur&ce; 
in outline they appear as two intersecting circles with slightly cusped ends. 
Rough measurements show that the minimum radius of curvature of all 
tactoids in a given preparation diminishes more slowly than their absolute 
size so that large tactoids approach a spherical shape and small ones are 
needle-shaped. The radius varies, however, enormously with the age and 
ionic constitution of the specimen. For fresh bottom layer of 4.5 per cent, 
salt free and pH 7, it gives the smallest values which are of the order of 0.06 



Text-Fig. 8. (a) Orientation of particles in positive tactoids of different sizes 
(diagrammatic), (b) Orientation of particles around negative tactoids of different 
sizes (diagrammatic). 


mm. The internal structure of the positive tactoids is revealed by their 
appearance between crossed nicols, the slow extinction position, and con- 
sequently the axes of the particles following the meridian lines of the spindles 
(Text-fig. 8a}. In the negative tactoids the outline depends on the arrange- 
ment in the surrounding bottom layer solution (Text-fig. 8b). The tactoids, 
particularly the larger ones, are easily distorted, but recover their shape; 
thqr can also fuse to give larger tactoids. This suggests that they represent an 
equilibrium form between the conditions of surface energy tending to produce a 
spherical shape and those of orientation potentials tending to keep all the 
particles approximately parallel. A roughly quantitative theory of tactoid 
shape can be built up on this basis, but it is best considered after the discussion 
of interparticle equilibria (sjee p. 140). 
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The Gels 

The fonns taken by the more concentrated virus preparations prepared by 
drying and precipitation were originally thought to consist of two 
phases, dry and wet gd, diowing constant characteristics. This opinion was 
held both for experimental and theoretical reasons (Bawden et al., 1936). 
On drying sharp boundaries seemed to separate the drier outer portion from the 
inner portion and this in turn from the solution. Further, the wet material 
and the “crjrstals” prepared by precipitation were alike in their physical 
properties, having a dry virus content of between 45 per cent and 55 per cent, 
and giving the same intermolecular x-ray pattern, showing an interparticle 
distance of 200-210 A. There seemed therefore to be a definite phase which it 
was possible to account for only on the assumption of the swelling of the parti- 
cles, as at that time no other forces of known character could be postulated 
holding dry particles in equilibrium at such a distance. Subsequent work, 
however, showed this view to be incorrect, and it has been replaced by a much 
simpler one, namely that all concentrations of the virus from 100 per cent-2 
per cent form one ordered phase, consisting of a regular hexagonal packed 
assembly of parallel particles their distance apart varying from 150-1000 A. 
The particles retain substantially the same internal structure in all states. 
The nature of the forces between them will be discussed later, but it is first 
necessary to summarise the experimental evidence. 

Dry Gel 

The study of dry gel has been more thorough than that of any of the other 
phases on account of its ease of manipulation. The intermolecular pattern is 
particularly sharp and shows the greatest number of lines, indicating extreme 
regularity of hexagonal packing of the particles with an interparticle distance 
of 152 A. This is a surprisingly constant number for air-dried gels of all 
tobacco mosaic strains, formed in many different ways. Drying over PtOt 
in a vacuum reduces this distance to 150 A. There appears to be a sharp 
distinction in physical properties between dry and wet gel. The material is 
hard and homy, its birefringence is only half as great, 0.003. Thk is due to an 
increase in the transverse refractive index from 1.484 to 1.532 from wet to 
dry gel due to close apposition of the rod-shaped particles while the longitudinal 
index rises only from 1.490 to 1.536. 

Single Crystal Character 

Apart from its intramolecular structure, its chief interest is in its relation 
to wet gel. For this the cardinal observation (see p. 147) was that pieces of 
dry gel behaved as single cr 3 rstals in two dimensions. An intermolecular 
jdiotograph with the x-rays parallel to the axis of orientation showed a distinct 
hCTagnnftl pattern (Plate 4, Fig. 22). It is significant that the corresponding 
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intramolecular pattern (Plate 4, Fig. 23) showed only continuous rings, in- 
dicating that at least in the dry gel the orientation did not extend to the inner 
structure of the particles. 

Now, in the mode of preparation of the gel by drying, two factors may 
affect the transverse orientation of the particles, that of the air-water and 
glass-water interfaces which are at right angles (Text-fig. 2). Of these, the 



Text-Fig. 9. Section across particles in successive layers of drying film to illus- 
trate orientation of * ^single” crystal of dry gel. 

effect of the first is likely to be predominating. Now it is at first sight strange 
that the most densely packed plane of the hexagonal packing (1100) is found 
parallel not to the air-water but to the glass-water interface, while the former 
is occupied by the less densely packed plane (1120). The rigid dry gel, how- 
ever, cannot have oriented itself in the dry state; its orientation must have 
been acquired in the wet state and simply fixed by drying. Now the shrinkage 
j of about 50 per cent of the wet gel on drying takes place only in the direction 
peipendicular to the air-water interface. It is natural, therefore, to assume 
that this brought about the interchange of the hexagonal packing directions 
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(Text-fig. 9), and that in wet gel the (1100) plane is parallel to the air-water 
interface. Thus in the wet gel the particles would be closely packed in this 
surface, a very reasonable arrangement. The rearrangement could not be 
perfect owing to the lack of fit of the interparticle ditn<»nginn<^ and this may 
give rise to the cracks that are observed in the dry gel. 

Non-Equilibrium Gels 

Dry gels formed from solutions of the virus prepared at pH 7 will if placed 
in salt-firee water at the same pH swell indefinitely and dissolve to reform re- 
versibly the oriented phase from which th^ were prq>ared. X-ray studies 
diow that here the distance between the particles is always derivable from the 
concentration (see p. 124, and Text-fig. 6), and this holds as well for the gels 
as for the more dilute solutions. Additions of small amoimts of water to dry 
gels result in interparticle distances intermediate between the values of 150 A 
and 210 A previously supposed to be characteristic for wet and dry gel and thus 
makesitveryunlikely that they are distinct phases (but seep. 140). Similarly, 
values between 210 A and 290 A, the value for the most concentrated solution, 
have also been found. This establishes the complete continuity of the non- 
equilibrium gels and of the bottom layer solutions previously described 
as one continuous oriented phase of the virus. The state of the particles 
in this phase is called one of non-equilibrium as th^ tend to move further 
apart if given more room as do molecules in solution or particles in a gas, 
but they differ from them in that thty are arranged in a regular lattice 
structure. Th^r behave in fact as crystals with a long range elasticity. 

Equilibrium Gels 

Virus solutions near the isoelectric point at pH 3.4 in salt solution are 
precipitated in the form of fibres or acicular “crystals” containing a variable 
amount of water. The same phenomenon occurs with a variety of other agents, 
alcohol, acetone, or merely by ageing. X-ray examination shows that these 
precipitates are identical with those formed by allowing the dry gel to swell 
in the same liquids. This indicates that in these caser>an ^equilibrium is 
attained determining the water content of the gels which may consequently 
be called equilibrium gels. The study of these gels by x-rays shows that here 
the distance between the particles is independent of the amount of medium 
present and depends only on its character. This dependence has been studied 
in a preliminary manner in two series, that of pH and of ammonium sulfate 
solution. The results are shown in Table III and Text-fig. 10. 

Pieces of dry gel were swelled in a number of solutions of citrate-phosphate 
buffer of pH varying from 2.5-7. There was a definite minimum at pH.3.4 
with an interparticle distance of 185 A, while at the higher pH the dis- 
tance increased to 300 A, greater than that of some of the bottom layer 
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solutions previously examined. The salt solutions gave similar results 
except that here there seemed a definite saturation eSecti solutions stronger 
than 6 n giving almost the same minimum distance, 173 A. The minimum 
would seem therefore to have some special importance being the least distance 
of approach of the particles in an aqueous medium. The existence of inter- 


O 



OpH OF BUFFER SOLUTION 

Text-Fig. 10. Relation of interparticle spacing and concentration of salt solution 
and pH. 


particle distances of between 210 A and 230 A for many concentrations of salt 
and acid explains how it was possible for so long to consider the gel of this 
composition, ca. 50 per cent dry weight, as a definite phase—wet gel. The 
state of the virus here is probably physically analogous to that of protein 
crystals which usually contain about the same proportion of water; it will be 
discussed in a subsequent section. 

* It may be pointed out here that the x-ray method gives an exact way of 
estimating the intrinsic water content of a gel, namely that associated with the 
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gel particles. The apparent water content may be much greater. Thus 
Bawden and Pirie (1937a) observed that the first effect of decreasing the pH 
of a virus solution was the formation of a gel which might contain 95 per cent 
or more water. On shaking these gels separated out as “crystals” which 
contained 50 per cent water. Our observations, particularly ^ose in which 
acid solutions were allowed to diffuse into already oriented virus 8<dutions, 



a b c 


Text-Fig. 11. Rheopectic effects in acid-precipitated virus solution (diagram- 
matic). (a) Oriented 4 per cent virus solution in capillary tube: free flowing, (b) 
Effect of slow precipitation with acid. Formation of independent tactoids: free 
flowing, (c) Effect of agitation: fusion of tactoids: gel formation. 

showed that in all cases submicroscopic fibres of this compoi^ion '.vere produced 
and these being already parallel did not form a gel and flowed readily (Text- 
fig. 11) though more dilute disoriented solutions did so and showed marked 
rigidity. It seems clear therefore that in gels of these substances and by 
inference in those of many others containing long particles of colloidal dimen- 
sions we should distinguish two mechanisms of water retention. Such gels 
contain both intrinsic water lying between the most closely apposed particles 
and depending only on the nature of the solvent, and trapped water depending 
on the concentration of gel substance and the conditions of gel formations 
and ageing. 

The observations on the conditions of equilibrium of virus gels are still in 
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their earliest stage. The effect of other conditions, temperature, non-electro- 
l)rtes, etc., have still to be studied. Their interest is primarily that of colloid 
physics; as far as the nature of the virus is concerned they have sufficed to 
show that all its properties in an aqueous medium are explicable in terms of 
long particles reacting with each other through the medium in such a way as 
to keep them parallel and equidistant at all concentrations above a critical 
one depending on the nature of the medium. 

The Crystals in Infected Plants 

All the forms of virus preparations hitherto described seem composed of 
distinct particles of a length far greater than their diameter. This length, 
however, seems to be a variable quantity and is very probably an artefact 
(see p. 135). On the state of the virus in the plant we have only two observa- 
tions to go on; the weakness of ffow double refraction (see p. 135) and the 
existence of crystals in some infected plants. These crystals, which have been 
studied by Bawden and Sheffield (1939) and Beale (1937) probably do not 
represent the virus in a pure form. Their solubility is too small, but they may 
well be compounds of the virus with cell proteins (Bawden and Pirie, 1937 a).^ 
That they are related to the virus is shown by their association with infection, 
by their hexagonal habit and positive birefringence, which correspond to the 
particle arrangement and optical character of the gels, and by their breaking 
up into bundles of needle-shaped acid precipitate “crystals” on acidifying 
the sap. More recently, Kausche (1939) has demonstrated the reverse process 
by producing minute hexagonal crystals from a mixture of infected sap and 
precipitate “crystal.” If we grant this relationship, the hexagonal crystals 
throw much light on the state of the virus in the plant. Unfortunately, they 
have proved too small and unstable to be submitted to x-ray examination, 
but from optical observation certain conclusions can be drawn. The crystals 
are bounded by hexagonal prisms and basal pinacoids. The existence of the 
last shows that here we must have a full three dimensional regularity and there- 
fore particles of identical length. 

In a few of the many specimens examined it was thought that acute angle 
pyramids could be observed, but the angle could not be measured so that the 
axial ratio of the crystals remains undetermined. The habit of the crystals 
with a width-thickness ratio of approximately four to one indicates according 
to Fedorof’s rule that the length-thickness ratio of the molecules which make 
it up must be of somewhat the same order, giving a particle length of the order 

of 1000 A. 

The ready transition to the needle form shows that the particles are already 
Signed in the crystal and the fact that little swelling is observed shows that 
their distance apart is not markedly different from that of the isoelectric gel, 


^ Page 304. 
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namely 185 A. The observations are necessarily very qualitative, but they 
point in the same direction as those arrived at in other ways. If sufficiently 
powerful x-ray apparatus were available the crystals would undoubtedly furnish 
far more precise information on the nature of the virus than is furnished by the 
less regular gds and liquid cr 3 rstals. It is convenient at this point to present 
evidence as to the length of the particles, since it plays a r61e of cardinal impor- 
tance in the discussion of interpartide equilibrium. 

The Length of the Particles 

X-ray evidence as to the length of the partides is all negative, that is to say 
no reflections attributable to regularities greater than the intramolecular 
regularities have been observed. The sharpness of these, however, indicates 
that the partide length must be considerably larger than its width, certainly 
over 1000 A. Various physical methods (ultracentrifuge, viscosity, birefrin- 
gence of flow, diffusion) (Eriksson-Quensd and Svedberg, 1936, Bechhold and 
Schlesinger, 1933, Wyckoff, 1937 a, b, Wyckoff et al., 1937, Stanley, 1938, 
Lauffer, 19385, c, Takahashi and Rawlins, 1932, 1933 a, b, 1937, Lauffer and 
Stanley, 1938, 1939, Bawden and Pirie, 1937 a, b, Bawden et al., 1936, Hills 
and Vinson, 1938, Staudinger, 1932, Neurath, 1938, Neurath and Saum, 1938, 
Mehl, 1938) provide other bases for estimating the length. All agree in indi- 
cating a considerable length for the partides, but although none of the methods 
was particularly exact, it was dear that the discrepancies between them ex- 
ceeded the probable experimental error. The condusion which follows from 
the remarks made above is that the partides might be of indefinite length 
dq>ending on the mode of preparation, that they are probably shortest in the 
living plant, and are increased in length by the methods of purification em- 
ployed. Fortunately, it is now not necessary to consider this evidence in 
detail as the study of the virus by means of the electron microscope by Kausche, 
Ffankuch, and Ruska (1939), and Marton (1941) enables the length to be 
measured directly. The partides as seen in the electron microscope are rods 
of different lengths, but they are all multiples of a length approximatdy 1500 A, 
showing that tiie partides are homogeneous in respect of leyigtb, as indicated 
by the existence of true crystals in the plant. The preparations studied by 
various workers were all probably aggregated to different degrees. However, 
recent work of Loring, Lauffer, and Stanley (1938) suggests that preparations 
may be obtained with little if any aggregation. For instance that studied by 
Robinson must have consisted of partides containing from 8-10 Kausche units. 
The length of 1500 A for the partides is suffident to contain 22 rq>eat units 
as determined from the intramolecular observations (see p. 153), but 24 is 
not exduded. It is also very likdy that the virus as observed by Kausche 
et al. (1939) was already somewhat aggregated and that groups of 12 or less 
repeat units may occur in the plant, though there is no positive evidence of this. 
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B. IfUerpretoHon 

The Nature of the Interparticle Equilibria 

From the point of view of colloid science the most interesting observation 
to which the x-ray study of virus preparations has led is the regularity of 
packing of the long virus particles, not only in the concentrated gels but also 
in solution. That such good order should be attainable in the dry state was 
unforeseen although not unprecedented, but in the case of the solutions where 
the particles are separated by water molecules, a distance much greater than 
their diameter, 150 A, crystalline regularity was certainly not to be expected 
on prevailing views. At most it would have been assumed that a roughly even 
distribution of the particles would be maintained but that an 3 rthing more 
regular would have been prevented by thermal motion. Observation shows, 
however, that the solutions down to a concentration of 20 per cent show as 
perfect reflections as a crystal. More dilute solutions, down to 13 per cent, 
have not been so carefully examined and indeed show slightly less sharp 
maxima, but this is probably due to inhomogeneity rather than irregularity, 
for similar broadenings were previously observed on stronger solutions but 
disappeared when well orientated and homogenized specimens were used. As 
the continuity of physical properties is apparently unbroken down to the 
critical concentration of 1.8 per cent, it is probable that these are also regular, 
though, owing to difficulties of observation of such small angles and the weak- 
ness of the reflections, this has not yet been proved. 

Not only are the particles equidistant, they are arranged in almost exact 
parallelism. The intramolecular photographs of 36 per cent (Plate 4, Figs. 24 
and 25) solution show that the mean deviation from parallelism does not 
exceed 45^ and that it is probably far less. The same is shown in more dilute 
solutions by their sharp extinction when observed in polarised light. On the 
surface of the tactoids the particles are constrained by strong surface forces, 
but even here the angle of deviation, as measured by the minimum radius of 
curvature in the longitudinal direction, is still small. The observed radius 
of curvature of 0.06 mm. gives for a particle of length 1500 A a maximum 
particle to particle deviation in this direction of only 8^ 

Such equidistance and parallelism can only be maintained by definite forces 
acting between the particles. For concentrations greater than the critical 
concentration of 1.8 per cent in the absence of acid or salts, these forces must 
have a net repulsive character, as is known by the formation of non-equilibrium 
gels, but at this concentration attractive forces must balance them or no divi- 
sion into layers would be possible. The seat of the forces cannot be in the 
particles alone. London-Van der Waals forces are ineffective at such distances 
and in any case give attractive forces. The most probable explanation lies 
in the Debye ionic atmospheres around the particles which at pH > 3.4 carry 
a net negative charge. 
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The Theory of PartUie Interaction 

The theory of the interaction of particles in an ionic medium has recently 
been studied by several authors, notably by Langmuir and Levine. Lang- 
muir’s theory (Langmuir, 1938) has so far been worked out only in the case 
of infinite plane particles which would correspond in practice to those of 
hydroxide sols or day suspensions. Levine’s treatment, which deals with 
^herical (Levine, 1939a and b) and later with cylindrical (Levine, 1939c) 
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Text-Fig. 12. Mutual energy of two spherical partides in an ionic medium as a 
function of distance (fromLevine,S.,Proc.i?<^.5cc.Lflndc»,5crte5./4, 1939, 170, 152). 

Text-Fig. 13. Interpartide equilibrium distance as a function of ion concentra- 
tion (from Levine, S., Proc. Roy. Soc. London, Series A, 1939, 170, 152). 


partides, is more directly applicable for our case. Fhysiodly the problem is 
very dmilar to that of the interaction of metal atoms with their positive nudei 
and cloud of negative dectrons, but on a scale comparable to that of the par- 
tides themsdves. The simplest case treated by Levine is that of spherical 
partides. He is able to show that for two charged spherical partides there 
is always a potential energy distance curve of the type shown in Text-fig. 12, 
namdy one which exhibits attraction at large distances and repulsion at smaller 
ones, and provides an equilibrium position with a minimum of potential energy. 
The position and d^th of the equilibrium depends only on the product 


T Ka 


3.04 X 10-* 
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where a is the radius of the particle, and y the concentration of univalent 
electrolsrte. Increased concentration or charges on ions tend to make the 
minimum deeper and reduce its distance as shown in Text-fig. 13. At some 
critical concentration the minimum will move to where the particles are in 
contact, but at this point Van der Waals forces will play a predominating r61e. 
Now in most cases with spherical particles the depth of this energy mi n i m u m 
is smaller than the thermal energy kT for the particles, consequently they will 
behave like gas molecules interacting for short periods, and only in the presence 
of strong salt solutions are they likely to come together and coalesce in crystals 
or amorphous precipitates. 

The situation for long particles, however, is very different. Levine has so 
far treated only the case of two long cylindrical particles arranged parallel to 
each other. It is easy to see that the type of mutual energy curve remains 
tmchanged. But the depth of the energy minimum is for particles of length 
more than about ten times their thickness, far greater than kT at ordinary 
temperatures. The result is that here stable equilibrium will occur with a 
mutual distance depending on the ionic concentration. Methodical treatment 
so far has only been carried out for parallel particles, but it is easy to see that 
any displacements from parallelism would, in the case of long particles meet 
with considerable restoring forces. The energy minimum will occur always 
in the parallel position and the relative depth of the minimum will be greater 
the longer the particles. As long as kT for libration is less than a minimum 
value determined by the length distance ratio, stable equilibrium will result. 
When it is of the same order, as will occur at high dilutions or with short par- 
ticles, the libration disturbance will cause the particles to break apart at a 
distance less than that where they would still be stable for simple lateral dis- 
placement. What applies to two particles holds a fortiori for a large number 
of particles. If the energy minima are deep enough, they must arrange them- 
selves in a regular hexagonal lattice, just as they are observed to do in the 
virus. The mathematical treatment of the equilibrium in this case has yet to 
be carried out, but it is easy to see that the result will only lead to a slight 
modification of the equilibrium position in the case of two long particles, the 
effects of the other particles resulting in a somewhat greater equilibriiun dis- 
tance and lower mutual energy. Levine’s theory can therefore be tested 
directly by the measurements made on the relation of interparticle distance 
to ionic concentrations for virus particles, and Text-fig. 14 shows how good 
the agreement is in the shape of curves. Absolute comparisons are impossible 
at this stage of the theory as computations have not been made for sufficiently 
high concentrations nor has the character of the tobacco mosaic virus been 
taken into consideration. 

We may, however, say that we have now an adequate semiquantitive 
explanation of the unexpected phenomena of the regularity observed in the 
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virus, and it is also clear that this has a far wider application, namely to all 
fibrous colloid molecules (see p. 145). The arrangement of long particles 
in equilibrium in a medium furnishes us with a new type of arrangement of 
matter, namely that of an elastic two dimensional (STstalline solution. If a 
small amount of solvent is present the particles are near together, when the 
solvent is added they move apart to fill the space, but not through irregular 
movements as in a gas, but by regular expansion of the particle lattice. It is 



Text-Fig. 14. Experimental relation between interparticle equilibrium distance 
and Levine’s function. 

probable that most phenomena of swelling have the same character. Where 
platy particles are involved the equUibrium can be maintained at far greater 
distances than with cylindrical ones, owing to the fact that ion concentration 
falls off in a linear manner instead of roughly as inverse square of the distance. 

In fact in this case the distances reach 5000 A or more and the phenomenon 
becomes visible as in iridescent sol. 

HydraHon of the Particles 

It can be seen from Text-fig. 10 that in strong salt solutions the distance 
between the particles shrinfes to a steady value of 1 73 A, but that this value 
is distinctly greater than that between the particles in the dry state. This is 
not as yet fully accounted for by Levine’s theory. It would appear that the 
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model taken for the theory is too simple in that it does not allow for the finite 
molecular structure of the water medium. The differences between the two 
values indicates that there is a layer of some 20 A in thickness between the 
particles in the most concentrated solutions. This would correspond to one 
of 10 A surrounding the particle or roughly layers of four water molecules. 
We may consider this water to be bound not by the total charge of the particle 
but by the positive and negative charges due to amino and carboxy groups 
which cover it even at the isoelectric point. If this is so, it should be possible 
to demonstrate the attachment of the water by ph}rsical methods, but so far 
the amounts of material available have not been sufficient to do this. It is 
the presence of this closely bound water that gave rise, at an earlier stage of 
the investigation, to the belief in two separate phases, wet gel and dry gel; 
and indeed the layer may represent one of particular stability as it has up till 
now proved impossible to prqiare specimens with an intermolecular distance 
of between 159 A and 169 A. 

Equilibrium between Top and Bottom Layers 

The relation between interparticle distance and ionic concentrations can be 
followed by direct measurement only down to concentrations of 13 per cent, 
that is to an interparticle distance of 450 A. At greater dilutions it is clear 
that equilibriiun still exists, the presence of the order disorder phases is enough 
to show that. Further, the dilution shows that the equilibrium occurs at 
much greater distances. The attempt, however, to follow the equilibriiun by 
observing the concentrations of top and bottom layers in equih'brium in dilute 
salt solution led to paradoxical results. Only very small amounts of material 
were available at this stage and therefore the measurements are too rough to 
be worth quoting but their trend is unmistakable. On adding dilute salt 
solution to an equilibrium mixture of top and bottom solutions, the level of 
separation moves upward, that is the addition of salt solution increases the 
critical dilution and hence the distance between the particles at equilibrium. 
When the concentration of the salt solution exceeds a definite value roughly 
r = 16, separation of top and bottom solution can no longer be observed. 
Instead first elongated tactoids and then fibres are formed (Plate 2, Figs. 11-14). 

An explanation of this paradoxical behaviour is to be sought in studying 
more closely the actual conditions of equilibrium of the particles in more dilute 
solutions. It is here that the tactoid formation, already described above 
(p. 128), occurs, and consideration of this shows that the phenomenon in 
question is one which involves the length of the particles. 

Theory of Tactoid Form 

The tactoid form is characteristic of a liquid oystal of the type formed by 
the virus particles, that is, of one of long thin particles arranged parallel and 
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equidistant to each other. This type has not hitherto been described but it 
corresponds to the class RRD in Hermann’s (1931) classification of possible 
liquid crystal systems. Tactoids bear a superficial resemblance to the baton- 
nefof smectic liquid crystals (Friedel and Friedel, 1931), but these have radi- 
cally different structures, being composed of coaxial cylinders of molecular 
sheets in which the molecules are perpendicular and not parallel to the axis 
of elongation. 

On the surface of a tactoid the particles of the ordered phase are arranged 
parallel to each other and parallel to the meridian lines of the tactoids. ‘nds 
follows from direct observation of their birefringence. Now when long par- 
ticles are involved, the surface of separation can no longer possess the isotropic 
character of an ordinary liquid interface. The bending of such a surface must 
require different amounts of work according to whether the bending takes 
place along the axis parallel to or perpendicular to the orientation of the par- 
ticles in the surface. Such a surface will in fact behave as if it possessed an 
anisotropic interfacial tension. We may consider such a surface as one pos- 
sessing two principal surface tensions, cri and 0 * 2 , the first being in general 
greater than the second, their ratio depending not necessarily in any simple 
way on the relative length to breadth of the particles. The simplest expression 
for an equilibrium surface would in this case be 

<ri 

— I — — const. 

ri f2 

where ri and ra are the two principal radii of curvature of the surface. Cor- 
responding to a simpler expression for an ordinary interface 



This condition is not, however, sufficient to define the surface of the tactoid. 
It is clearly also necessary that the surface energy for a given volume must be 
a minimum and the mathematical formulation for this has not yet been found. 
It is, however, easy to determine the general character ofHhe s*urface and to 
describe it approximately graphically (Text-fig. 15). It is a surface of revolu- 
tion generated by the curve shown in Text-fig. 15. Its curvature is deter- 
mined by fi while ft is given by the part of the normal intercepted by the axis 
of revolution. The minimum positive value of fi occurs at the equatorial 
plane. As ft diminishes fi increases and passing through an infinite value at 
a point of inflection, becomes negative, and reaches a minimum negative value 
where the curve is again parallel to the axis, after which the curve repeats 
indefinitely. The general shape of the surface is therefore that of a series of 
barrel-shaped portions separated by hour glass-shaped constrictions. These 
constrictions, however, in cases where ci > <rt almost reduce to cusps and the 
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anomalous arrangement at these points leads probably to their being occupied 
by particles of impurities.^ Where cti is nearly equal to cr^ the shape approaches 
the spherical, where cri is much greater it is long and tapering, approaching a 
fibre-like structure which is observed in old gels and in the fibres studied* by 
Best (1937 a and 6). The shape is dependent not only on the ratio of (Ti to o’* 
for, unlike the case of a normal liquid, the shape of a tactoid drop also depends 
on its size. The relation must be complicated but broadly it may be stated 
that the larger the tactoid the more it resembles a sphere, the smaller the 
more it resembles a cylindrical or needle-shaped body. How well this geo- 
metrical theory fits the observations is shown in Plate 1, Fig. 3, where a number 
of tactoids in equilibrium can be seen and compared to the theoretical curves. 
The extreme case is that of the acicular micro-tactoids formed by acid or salt 
precipitations first described as crystals by Stanley (1935), (1937). 



Text-Fig. 15. Theoretical axial cross-section for tactoid surface. (The subscripts 
of fi and f 2 should be interchanged.) 

The gradations between normal tactoids and fibres can well be seen in the 
series of preparations with different ionic concentrations as shown in Plate 2, 
Figs. 11-14. Those containing more salt show more elongated tactoids and a 
greater tendency to fibre formation. The radius of curvature changes from 
0.07 mm. in salt-free solutions to 0.12 mm. in 0.1 n solutions. It is clear that 
the condition of stability of a tactoid depends on two factors, the length of the 
particles, and the degree to which mutual influence between the particles 
maintains parallelism between them. Although it has not yet been calculated 
the orienting force can be seen to depend according to Levine’s theory on the 
ratio of length to distance apart of the particles. If two particles of finite 
length be imagined to move away from each other, it is clear that the steepness 
of the potential trough for angular displacements will dimmish, and diminish 
fiuster the shorter the particles. For concentrated solutions where the ratio 
of length of particles to mean distance apart is very great, orientation will 

That this is probable is shown by the extrusion of an intermediate layer of impuri- 
ties on the settling of bottom layer solution, that is, on increasing the size and dimin- 
ishing the number of independent tactoids. 
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be perfect, but as the salt concentration falls ofiF the point will be reached when 
the system will become unstable, not owing to the transverse motion of the 
particles, but due to their angular oscillation. For particles of finite length, 
therefore, equilibrium will be reached at greater dilution the longer the par- 
ticles and the higher the concentration of ions in the solution. This relation 
will hold until the concentration of ions is so great that particles cannot sepa- 
rate clue to oscillatory movements alone. This is the explanation of the appar- 
ently anomalous behaviour of weak solutions described below. For dif- 
ferent lengths of particles the behaviour at low concentrations will be different, 
but all will have the same behavior at high concentrations and for every par- 
ticle length there will be a critical concentration at which the maximum inter- 
particle distance is obtained. 

Equilibrium ConcefUralions of Top and Bottom Layer 

The variation of equilibrium concentrations with length of particle is very 
well shown in the study by Bawden and Pirie (1937a) on the effect of purifica- 
tion of the virus. One effect of this purification would be to separate the 
longer from the shorter particles. The first method used was to allow the 
virus solution to separate into two layers, to take the bottom layer and to 
dilute it with water up to the original volume and to allow further separation. 
If the virus originally contained particles of different lengths in equilibrium 
there would be a greater concentration of shorter particles in the top layer and 
the process described would at each stage lead to more uniform and longer 
particles in the bottom layer. The second method of purification, by means 
of trypsin digestion also probably led to longer particles, possibly by removing 
material at the end of the particles which prevented them joining with others. 
The general observation of Bawden and Pirie was that further purification of 
the virus altered very markedly the equilibrium concentration between top 
and bottom layer solutions. 

Unpurified virus, ie, salt-precipitated but not subjected to the above 
methods, remained in the top layer solutions up to concentrations of 4 per cent, 
when it was in equilibrium with bottom solutions of concen!ratioriS of 8 per 
cent, while highly purified solutions of as little as 1.6 per cent divided into 
two layers, the difference of concentration between them being as low as 0.02 
per cent. Moreover, at this concentration, the top solutions showed a flow 
birefringence which remained in evidence for some seconds after actual flow 
had ceased. This suggests that we are dealing with an equilibrium S 3 rstem in 
which the alternation of one variable causes a continuous transition between 
a distinct two phase region and a critical condition in which only one phase 
is possible. One plausible suggestion is that the length of the particles is thp 
variable factor though the effect of unidentified impurities may be of as great 
or greater importance. 
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Consider the conditions that determine the limiting concentration in top 
and bottom layer solutions. In the top layer, this is fixed by the limit of the 
spSLce available to a particle for free movement. The minimum space may be 
taken as that of a flat cylinder of height equal to the diameter of the particle 
(i) and diameter equal to its length (1) (see p. 143). Its volume is accordingly 

4 

It may actually be smaller than this if particles on moving around manage 
to clear others out of their way without jamming, but it is difl&cult to work this 
out theoretically. In the bottom layer on the other hand, it is reasonable to 
suppose that the equilibrium distance between parallel particles is a simple 
function of their length, that is, that the possibility of maintaining a parallel 
alignment is a function of the ratio of the distance (r) of the particles apart 
to their length, and that beyond a certain critical ratio (/IT) brownian movement 
would make the arrangement unstable. On the simplest hypothesis, therefore, 
the volume occupied by a single particle will be: 

^ OM where = 7 

2 2 / 


The limiting concentrations of the top and bottom layers are therefore 


4m 


and 


2m 




respectively where m is the mass of dry virus per unit length. 


It can be seen that as the length of the particle increases both equilibrium 
concentrations decrease, and further that at a certain critical concentration 
the difference between them vanishes, that is where 


/ 


ird 


This concentration appears to be 1.8 per cent for tobacco mosaic virus (Baw- 
den and Pirie, 1937 a).* For a solution of twice this concentration in the top 
layer, 3.6 per cent, the corresponding bottom layer concentration would be 
four times, or 7.2 per cent which approximates more closely than should be 
expected with the values 4 per cent and 8 per cent respectively given by Bawden 
and Pirie. Moving to higher concentrations we find that a limiting concentra- 
tion of 9 per cent in the top layer would correspond to one of 45 per cent for the 
bottom, which is a m a xim u m concentration, being approximately that of wet 
gel or precipitated crystals. This suggests that the phenomena of separation 


•Page 287. 
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into layers, and indeed the existence of bottom layer, can only be observed for 
particles whose lengths are not less than one-fifth of the critical len g th, 
From the recoit measurements of Kausche et al. (1939) on tobacco "»n fff i ic 
virus we find this ratio is at least ten to one, so that we may e 3 q)ect orientation 
always to occur for tobacco mosaic virus at sufificient concentrations. On the 
other hand the conditions for observing it for other viruses whose pn r t icH 
are not so long though still anisotropic may be more difficult to achieve. It 
should be possible to check this theory quantitatively when samples of virus 
of uniform and known length can be obtained, and further to check it by meas- 
uring the effect of ionic concentrations and pH on its equilibrium. The influ- 
ence of temperature on equilibrium would give further information, particu- 
larly of the interaction energy. Preliminary measurements show that while 
changes of temperature affect the equilibrium in the expected way, that is rise 
of temperature diminishes the amount of the ordered phase, the effect is a 
small one and therefore corresponds to a very sma ll interaction energy. The 
whole problem has now acquired such theoretical importance that it deserves 
an extended study of its own, using uniform and purified materials in large 
quantities. 


Tie Mechanism of Gel Formation 

The conditions of equOibrium between elongated particles in ionic solutions 
has a very dose bearing on the formation of gels. A simple experiment illus- 
trates this in the case of tobacco mosaic virus. If a dilute solution in the ori- 
ented phase, of concentration about 4 per cent, is flowed through a capillary 
tube it behaves like a uniform uniaxial cr 3 rstal (Text-fig. 11a). If now some 
acid is introduced in one end of the tube, then as long as the flow continues 
the same appearance is maintained and there is no notable change in the 
viscosity. We know, however, from the x-ray study that now the partides 
are very unevenly distributed and that the liquid is really a two phase one 
consisting of long tactoids with about 50 per cent dry weight of virus, and of 
almost pure solvent (Text-fig. 11 b). Once the flow is stopped particularly 
if the tube is jerked, the orientation largdy vanishes and thf liquM changes to 
a fairly rigid gel. It is dear that here disturbance of flow lines causes different 
tactoi^ to touch and form a combined tactoid framework throughout the 
liquid. We know that two tactoids in contact fuse into a branched tactoid 
(see p. 128). We may therefore consider that the whole of the more concen- 
trated phase is a single tactoid (Text-fig. 11c). Now the behaviour described 
is typical of a rheopectic gel, and it would seem very probable that a siipilar 
explanation holds for all cases of gel formation, in which long thin partides 
are involved. In such cases a gel must be considered to be a two phase s}rst^ 
in which one of the phases is a solvent containing a small proportion of partides 
and the other is a liquid crystalline branched aggregate also containing a 
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variable araouiit of the solvent. Chi standing the aggregation may go further 
and the gel breaks down into microscopic fibres. Other gels^ particularly 
those showing thixotropic characters, are probably formed under analogous 
but somewhat different conditions on account of the different nature of the 
forces between flat and long particles. This type of explanation would seem 
to offer a solution to the controversy between the rival theories of contact of 
particles and long distance forces in the explanation of gel formation. Both 
theories would seem to be right, though in a different sense than that originally 
propounded. The long distance forces are not exercised through the main 
bulk of the gel, but only between particles constituting individual tactoids; 
whereas the interaction between tactoids corresponds to the supposed con- 
tacts of colloidal particles. At the present stage, it is only possible to say 
safely that this applies to tobacco mosaic virus, but the methods of investiga- 
tion described above could well be used to check the validity of this theory 
for other colloidal S3rstems. 

The Summary and Bibliography appear at the end of Part III. 


EXPLANATION OF PLATES 
Plate 1 

Photographs of orientation phenomena of virus solutions and gels (crossed nicols). 

Fig. 1. Tobacco mosaic virus solution in drying cell showing (o) bottom layer 
solution; (b) wet gel; and (c) dry gel. 

Fig. 2. As Fig. 1, but showing (a) flow of bottom layer solution around end of 
spacer rod from left to right and (b) zigzag drying in wet gel. 

Fig. 3. “Positive” tactoids of bottom layer solution in top layer. 

Fig. 4. “Negative” tactoids of top layer in bottom layer solution showing sinuous 
orientation directions. 

Fig. 5. Oriented bottom layer solution in capillary tube with quartz wedge showing 
compensation. 

Fig. 6. Orientation of top layer solution by alternating current showing electrodes 
and luminous patch of oriented top layer. 





Plate 2 

Further orientation phenomena of virus solutions and gels. 

Reversed spiral structures Figs. 7 -9. 

Fig. 7. Reversed spirals in wide tube. Taken by Professor Van iterson. (Crossed 
nicols.) 

Fig. 8. Reversed spirals in narrow tube. Taken by Profes.sor Van Iterson. 
(Crossed nicols.) Showing dark -parallel oriented and light — spirally arranged 
portions. 

Fig. 9. With one nicol rotated showing alternate sections with same direction of 
rotation of polarisation. 

Fig. 10. Zigzag structure of virus dried on plate (unpolarised light) taken by Pro- 
fessor V’an Iterson. 

Effects of dilute salt solutions on virus preparations -Figs. 11-14. 

Fig. 11 . Four capillaries with the same virus concentration hut with salt content 
increasing from right to left. Note the greater amount of l^ottom solution as salt 
content increases (crossed nicols). 

Fig. 12. 0 1 n (NH 4 ) 2 S 04 solution showing negative tactoids (crossed nicols). 

Fig. 13, 0.2 n (NH 4 ) 2 S 04 solution showing elongated negative tactoids (crossed 
nicols). 

Fig. 14. 0.3 n (NIl 4 ) 2 S 04 solution showing gel fibres (unpolariscd light). 
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Plate 3 


Inter- and intramolecular x-ray photographs of various virus preparations. 

Intcrmolecular photographs —Figs. 15-18. 

Fig, 15. Showing shift of intcrmolecular reflections on passing from (lowest film) 
dry gel to (middle film) wet gel and (uppermost film) 13 per cent solution. 

Fig. 16. Effect of concentration of virus on spacing. 

(a) 13 per cent solution. Unfiltered Cu radiation 

(b) 23 per cent solution. Unfillered Cu radiation 

{c) Top half, 34 per cent solution. Unfiltered Cu radiation 
Bottom half, 34 per cent solution. Filtered Cu radiation 
{d) 34 per cent solution. Monochromatic Cu Ka radiation 

(e) 50 per cent gel. Unfiltered Cu radiation 

Fig. 17. Enation mosaic virus .solution photographed with monochromatic Cu 
Ka radiation showing extremely sharp lines due to perfect orientation and arrange- 
ment. 

Fig. 18. Intcrmolecular pattern of dry gels of different virus proteins, (a) to- 
bacco mosaic virus, (b) enation. (c) aucuba. (d) cucumber. 

Plate distances: Figs. 15, 16, 17 -40 cm.; Fig. 18—16 cm. 

Intramolecular photographs — Figs. 1 9-2 1 . 

Fig. 19. Typical early dry gel photograph of tobacco mosaic virus. 

Fig. 20. Cucumber mosaic virus. 

Fig. 21. Potato virus X (shorter plate distance). Note the two lines 2 and 4 
inside the strong meridian line 6 instead of the single line 3 on tobacco and cucumber 
virus photographs. 






Plate 4 

X-ray photographs of tobacco mosaic virus. 

Fig. 22. Intermolccular pin-hole photograph (plate distance 30 cm.) of small piece 
of dry gel mounted with x-rays along particle direction showing orientation relative 
to surface (vertical in photograph) and hexagonal single crystal character. It can 
be seen that the (1120) and not the (1100) planes lie parallel to the surface (air-water 
interface in drying cell (Text-fig 2). 

Fig. 23. Intramolecular pin-hole photograph (plate distance 6 cm.) of the same 
piece showing completely random orientation of individual particles. 

Fig. 24. Intramolecular photograph of 36 per cent enation solution in capillary 
tube (direct print). (Plate distance 14.8 cm.) 

Fig. 25. Same as Fig. 24, but printed through a rotating sector disc to show all 
important reflections of comparable intensity. 
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(Received for publication, March 14, 1941) 
i. The Structure of Partides 

Almost the whole of our evidence for the internal structure of the particles 
is derived from x-ray observations, particularly those of the high angle or intra- 
molecular photographs. In contradistinction to the low angle photographs, 
the most striking feature is that the general appearance of the pattern is 
independent of the state of hydration. 

Most of the photographs have been taken from oriented specimens. This 
is because on unoriented specimens the wealth of lines makes direct interpreta- 
tion impossible, though with a knowledge of the oriented pattern they may all 
be identified. Table IV shows the close correspondence between the spacings 
of the spots on our oriented photographs (Plate 4, Fig. 25)^ with the rings on 
the unoriented photographs of Wyckoff and Corey (1936). The oriented speci- 
mens gave typical fibre photographs. In the case of the large two dimensional 
crystals of the dry gel, which possess secondary orientation relative to the 
water surface, a careful search was made to see if the large-angle scattering 
also showed such orientation, but no trace of it was found (Plate 4, Fig. 23). 
It would therefore appear that the only mutual orientation which affects the 
inner portions of the particles is that of parallelism of their long axes. But 
this negative result may be due to the disorientation of the dry gel on shrinking. 

The large-angle scattering of the various virus preparations shows character- 
istic similarities and differences. Only four distinct patterns have been 
observed. The first, which has been most carefully studied,^ common to all 
the strains of tobacco mosaic virus, a second barely distinguishable from it is 
given by the cucumber virus (Plate 3, Fig. 20). A third is given by both 
strains of the potato virus X (Plate 3, Fig. 21). The fourth pattern, which is 
difficult to compare with the others owing to the absence of orientation, is 
given by the isotropic bushy stunt virus of tomato (Bernal, Fankuchen, and 
Riley, 1938). 

* Now National Research Fellow in Protein Chemistry, Physics Department, 
Massachusetts Institute of Technology, Cambridge, Massachusetts. 

‘ The plates appear at the end of Parts I and II. 
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The Intramolecular Pattern 

Of these only the pattern of the tobacco mosaic strains has been examined, 
in any detail, though enough is known of the others to show their general 
relationships. Early photographs of the tobacco mosaic virus, as either 
oriented gd or as liquid, gave the pattern shown in Plate 3, Fig. 19, containing 
fourmain spots (0003), (0006), (4482), and (3037). Of these the (4482), (0006), 
and (3037), lay approximately on a Debye circle of 11 A, the region of strong 
reflection for proteins. This and indications of another ring of reflections at 
about 4.5 A were sufficient to show that the picture was of the same type as 
those of proteins. The sharpness of the spots was, however, delinitely greater 
than for the natural fibre proteins, except perhaps feather kerat in. I'liey were 
not, however, at this stage by any means as sharp as those from cTyslalline 
proteins (Bernal, Fankuchen, and Perutz, 1938). Further studies, however, 
showed that this was largely due to lack of orientation. It was found that 
the dearest photographs could be obtained from solutions oriented in capillary 
tubes and after many trials remarkably perfect photographs were obtained. 
The best (Plate 4, Figs. 24 and 25) which required an exposure of nearly 4(X) 
hours, showed hundreds of distinct spots some of which, particularly near the 
meridian line, were as sharp as those from crystalline proteins. 

Interpretation 

The interpretation of the intramolecular pattern seemed at first sight fairly 
straightforward. It corresponded to that of a crystal with a hexagonal lattice 
of fl = 87 A, c = 68 A (Bernal, 1938). As progressively better photographs 
were obtained several spots appeared which could not be explain^ by such a 
small cell. It was hoped that by obtaining still better photographs this diffi- 
culty could be deared up, but the best obtained merely confirmed the impos- 
sibility of the simple interpretation. Orthorhombic and monoclinic pseudo- 
hexagonal cells were next tried, but they also failed to account satisfactorily 
for the observed reflections, while calling for many others that were not ob- 
served. It appeared that it was quite impossible to explain the pattern on the 
existing theory of x-ray diffraction from a crystal, for any cell large enough to 
pve the observed spots was found to be larger than the size of the partide as 
inferred from all the intermolecular measurements. 

The key to what may be the true explanation of this paradox, and what is 
in any case a plausible one, was found in a detailed comparison of the intra- 
molecular photographs of the dry gels, wet gels, and solutions. The equa- 
torial line offers the greatest interest, for here the intermolecular pattern of 
the dry gel is found to pass almost continuously into the near intramolecular 
pattern of the solutions, as shown in Tables I and IV. Particularly significant 
are the two reflections at ( values of approximately 0.031 and 0.043,* (corre- 

^ Sis a coordinate of a rejecting plane in reciprocal space. For details see Bernal 
(1927). 
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TABLE I« 

Of,. KM,, »-"««». "* 

IfUerpoftide Distancts in AngsIfiMH UnuS 


k* + k* 
■^kk 

1 kikt 
Hcxa- 
^gonal 
indices 

1 Spacing 

Tobacco mosaic virus | 

1 Cucumber Virus 

^ Potato virus 

X 

Ob- 

served 

Calcu- 

lated 

Ordi- 

nary 

Enation 

Aucuba 

Cucum- 
ber 3 

Cucum- 
ber 4 

1 

1010 

131.8 

131.8 

s + 

w ^ m 

m 

m 

W 


3 

11^ 

75.8 

76.0 

s 

s 

s 

m 

w — m 


4 

2020 

65.9 1 

65.9 

m 

m 

w — m 

w 

vw 


7 

2130 

49.8 1 

m — s 

m — s 

m — s 

5 

s 

No intermolecu- 

9 

3030 

43.5 

43.9 

ww 

0 

0 

0 

0 

lar reflections 










observed 

12 

2240 


37.3 







13 

3140 


36.7 

0 

ww 

0 

m s 

m 


Interparticle distance 

152 

152 

152 

146 

146 



The intensities are very sensitive tb slight variations of water content. It has been 
observed for tobacco mosaic virus that the presence of moisture tends to weaken the (1010) 
reflection and to enhance the (2240) and (3140). 


TABLE lb 


X-Ray Data from Bushy Stunt Virus 



Wet crysUls 

Dry crystals 

Side of unit cell. . . . 

394A 

316 A 

Cell molecular 
weight 

48,000,000 

25,600,000 



Reflections observed 


kU 

Observed 

kkl 

Observed 

Spacing 

Intensity 

Spacing 

Intensity 

110 

279 

9S 

no 

224 

W 

112 

160 

W — Iff 




220 

140 

VW 




310 

129 

VW 




440\ 

600] 

70-67 

VW 




660 

47 

VW 




880 

35 

vw 




888 

28.5 

vw 





The unit cell of the wet ciystal is body centered cubic and conta ins two molecules. Despite 
the fact that only one reflection was observed from the dry crystals, there are good reasons 
for assigning to it the same t3rpe unit cell. 
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TABLE n 

Data Illustrating the Rdatian between Spacing and Concentration in Virus Preparations 


N * No. of grams vacuum-dried protein in 100 cc. of specimen. 
T.M.V. tobacco mosaic virus. 


Virus used 

N 

Spacing 

observed 

d(ioTo) 

Interparticle 

distance 

1650 

VH 

T-M.V, vncuuxn dried 

137 

129 

149 

143 

T.M.V. enation, and aucuba, air 
dried 

131 

132 

152 

144 

T.M.V. wet gel 

57.5 

184-192 

213-222 

217 

Aucuba 

34 

252 

291 

281 

Enation 

26 

259 

300 

324 

Enftfriftn 

25 

287 

332 

330 

T.M.V 

23 

297 

343 

340 

T.M.V 

13 

397 

458 

460 




TABLE in 

The Dependence of Interparticle Distance in Equilibrium Gels on Salt Concentration and pH 

(a) Gels in ammonium sulfate solution 


Normality of (NH 4 )tSO« 

4(1010) 

Interparticle distance 

8.25 

150 

173 

6.2 

150 

173 

4.12 

158 

182 

2.06 

161 

186 

1.03 

182 

210 

0.52 

192 

223 

0.33 

198 

229 

0.26 

216-261 

251-302 


(6) Gels at varying pH 


pH 

d(lOlO) 

Interparticle distance 

2.5 

Specimen dispersed 


3.0 

171 

198 

3.4 

158 

182 

3.4 

160 

185 

3.4 

167 

192 

4.0 

174 

201 

5.0 

206 

237 

6.0 

252 

289 

7.0 

^263 

/^305 


sponding to spacings of SO and 36 A respectively). In the dry gel they cor- 
respond to the reflections of (1230) and the doublet (2240 and 1340); in the 
SO per cent wet gel to (1340) and (SOSO). Beyond this they cannot be clearly 
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identified with any intermolecular spacing, but their position has hardly 
changed. There can be no reasonable doubt that they correspond to impor- 


TABLE IV 

IfUramolecukur data on tobacco 


mosaic nrus 


Powder date (Wyckoff and Corey) 


Outstanding intramolecular reflections from best oriented 
specimen (enation) 


Ordinary strain 

Aucuba strain 

Ultra- 

violet 

irradi- 

ated 

spacing 


Layer 

line 

Letter 
for re- 
flection 
Text- 
fig. 16 

Indices in terms of 
hexagonal unit cell 
o-SSA 

Inten- 

sity 

Spacing 

Inten- 

sity 

Spacing 

Inten- 

sity 

80 

s 

80 

s 


93 

0 

a 

Fresnel scattering 

r 

53 

m 

55 

m 


47 

0 

b 

(4/3, 1/3, 5/3,0) 

5 

37 

w 

37 

w 


36 

0 

c 

(5/3, 2/3, 7/3,0) 

s 

28 

vw 

27 

vw 


29 

0 

d 

(7/3, 1/3, 8/3,0) 

Iff 






19.7 

0 

e 

(8/3, 5/3, 13/3, 0) 

nt ~~ s 

20.8 

m 

21.0 

m 

21.2 

22.0 

2 

a 

(2, 1,3,2) 

m 






23.0 

3 

a 

(0,0, 0,3) 

vs 






22.3 

3 

b 

(1/3, 1/3, 2/3, 3) 

m — 5 

16.2\ 

vw 

1A 0 



Too many reflections of this spacing to list (see 

14.2/ 




14. / 

Plate 4, Fig. 25, and Text-fig. 16). 


11.0 

S 

11.0 

s 

11.3 

11.4 

6 

a 

(0006) 

vs 

10.2 


10.2 

w 


10.3 

2 

g 

(4482) 

m ^ s 

9.2 

m 

9.2 

m 

9.2 

9.1 

7 

a 

(3037) 

s 

7.44 

m 

7.43 

m 

7.5 


For 

each 

reflection shorter than 

20.8 A 

6.5 

w 

6.5 

w 



there are too many intramolecular re- 
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tant intramolecular reflections which serve to enhance the intensity of the 
intermolecular reflections lying nearest them. The spot on the third layer 
line which corresponds to them is a single one at f = 0.036, which would be 
(3033) for the dry gd and remains unchanged in position, within errors of 
measurement, for the other forms. 
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Now the fact that these intramolecular values though arrived at quite in- 
dependently fit with intermolecular ones for the dry gel^ points to the not un- 
expected conclusion that its intermolecular periodicity is closely linked to the 
intramolecular one. We cannot, however, attempt to index the intramolecular 
pattern on this basis for that would bring us back to the paradox that the cell 



Text-Fig. 16. Projection of reciprocal net of hexagonal unit cell to show indexing 
of reflections of Plate 4, Fig. 24. o = 87 A, « 68 A. Region between y axis and 
curved line is a forbidden zone (Bernal, 1927). 

size would be larger than the particle, but we can make the complementary 
assumption //wf/ /or /Ae scaUering of the isolated virus partide referred to a true 
repeat unit inside the particle^ fractional as well as integral indices are admissible 
for the reflecting planes. The assiunption of fractional indices, daring as it 
seems, might but for its novelty have been logically deduced from the scattering 
conditions of the isolated particle. The Bragg theory of diffraction of x-rays 
by crystals is based on the assumption that the repeat unit is repeated an in- 
definite number of times. If this is not the case the subsidiary diffraction max- 
ima can no longer be neglected. The theory is here necessarily complicated 
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and has not up till now been attempted largely because no known experimental 
examples of it existed. It is, however, in many respects similar to that of 
electron diffraction from very thin cr 3 rstals. No attempt will be made here to 
develop it formally, merely to indicate the general manner in which the anom- 
alous x-ray pattern of the virus particles may be explained. 

The particle is short only in two dimensions. In the direction of its length 
there are many repeat units and therefore the diffraction effects corresponding 
to this direction are normal. In all other directions, however, fractional (Mi) 
indices are observed. Table IV and Text-fig. 16® show the allocation of these. 
Owing to the great number of possible planes for which f > 0.1 and the intrin- 
sic lack of sharpness in this region only the inner reflections can be indexed with 
certainty, and most of these occur on the equator and on the third and sixth 
layer lines. Some characteristic regularities can be noticed but have not as 
yet been explained. Thus, on the equator no reflections with integral indices 
api^r. Reflections both with integral indices and fractional ones of the type 
{hhlhl) occur on the third and sixth layer lines. The integral reflections here 
are strong and the fractional weak. It would appear as if each true reflection 
was forbidden on the equator and replaced by a doublet of fractional indices, 
while on the layer lines the true reflections appeared with two non-integral 
satellites forming a triplet. One equatorial reflection in particular, the strong 
reflection at $ = 0.0165 (93 A) should be noticed as it corresponds to the Fresnel 
scattering of the particle as a whole. The second order interferences are found 
only for small values of { and here the uncertainty of measurement makes it 
difficult to identify them with certainty. 

Cell Size and Molectdar Weight 

If the explanation of the observed reflections given above be accepted, the 
apparent great complexity of the pattern is due to the diffraction effects not 
conforming with Bragg’s law, owing to the finite size of the particles. It 
follows that in the discussion of the actual structure these effects can be dis- 
regarded in the first place, and an ideal repeat unit chosen which corresponds 
to the disposition of scattering matter inside each particle. This proves to be 
the cell originally chosen, a = 87 A, c = 68 A, which would provide exactly 
three cells in a hexagonal particle cross-section (Text-fig. 17). This is in 
excellent agreement with the particle diameter of ISO A = 87 y/3 derived from 
the intermolecular measurements on the dry gel. For such a cell assuming a 
density of 1.34 (Bawden and Pirie, 1937 a) the molecular weight would be 370,- 
000. On account of the strength of the sixth layer line and the marked pseudo- 
rhombohedral character of the reflections, the true repeat units may well be 
one-sixth of this or 62,000. Assuming 6 per cent of this is nucleic acid this 

• The text-figures for Parts I, II, and III are numbered consecutively. 
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gives a molecular weight of 58,000, which is of the same order as that of a pro- 
tein molecule, though it does not fit well into any of the Svedberg classes 
(Svedberg, 1939). It must be emphasized that this is a cell molecular weight 
and not the “molecular weight” of the gross virus particle which is, of course, 
very much greater. 

Internal Structure 

It is difficult on the basis of the complicated x-ray evidence to go much deeper 
into the structure of the molecule. Certain deductions may, however, legit- 
imatdy be made. The two most noticeable features of the pattern are first, 
the absence of strong reflections on the equator which shows that the partides 



Text-Fig. 17. Diagrammatic cross-section of dry gel showing the relation of the 
unit cell of the particle with that of the inteiparticle packing. 

cannot be composed of bundles of fibrous molecules and, second, the presence 
of extremely strong reflections perpendicular to the axes, indicating some form 
of layer structure. Further, the pattern is clearly difiPerentiated into that of 
the zero, third, and sixth layer lines, and that of the other layer lines._ This 
together with the absence of (lOl/) and (202/), while (0003/) and (112/) are 
strongly represented, suggests a rhombohedral structure, a 55 A, a == 
104i". 

The presence of the planes (3032) and (3143) would appear to contradict 
this, but these may be anomalous reflections, or the structure may be only 
pseudorhombohedral with a triad screw axis. 

Strong reflecting planes would appear to indicate sub-units; the larger sub- 
unit corresponding to the planes (0003) and (112/) would be a flat platelet of 
dimensions 44 X 44 X ^2 A, the smaller corresponding to the strongest plani»a 
of fill, (0006), and (4482) and the ring of planes at spacings of about 11 A 
would be a roughly equidimensional sub-unit of diameter 11 A. The larger 
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Text-Fig. 18. Diagrams to illustrate tobacco mosaic virus structure seen at 
different magnifications. (In each case the view above is normal to the particle length, 
below along the particle length.) 

1. Arrangement of particles in dry gel. a side view; b end view. 1 cm. = 600 A. 

2. Single virus particle showing subdivisions into crystal unit cells. #— #— 
#— # indicates c axis repeat unit of 68 A. a side view; b endView 1 cm. « 

200 A. 

3. Cubic close packing of large sub-units as seen in the three virus unit cells making 
up one particle, a side view; b end view. 1 cm. « 67 A. a shows a section at AB 
of the view below (b), I, sub-unit at bottom of cell; II, sub-unit at %of unit cell 
height; III, sub-unit at H of unit cell height. 

sub-units could be arranged in cubic close packing, as shown in Text-fig. 18. 
Further confirmation is furnished by the photographs of potato virus X (Plate 
3, Fig, 21). Here we have the same strong reflection at 11 A, but there are 
also reflections at 33 and 16.5 A, suggesting that here also the 11 A sub-units 
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are present but that the larger sub-units are 44 X 33 A and are arranged in 
hexagonal rather than cubic close packing. 

This is as far as it is safe to go on the basis of the experimental material avail- 
able. There is no doubt, however, that with the help of more detailed photo- 
graphs and comparisons with further virus types, it should be possible to ob- 
tain much more detailed information on the structure. 

DISCUSSION 

The evidence so far supports the view that the virus particle is in some 
sense intermediate between a molecule and a crystal of a normal crystalline 
protein. Its lateral dimensions are of the order of six times those of a protein 
molecule, while in the direction of its length, it contains a multiple of 24 true 
or 144 pseudocells, almost as many as a small protein crystal (Text-fig. 18 4). 
In detail the intramolecular pattern shows interesting resemblances and dif- 
ferences from those of the proteins that have hitherto been studied. Like 
them it shows the dominant 11 and 4.5 A spacings, indicating the same basic 
internal structure (Bernal, 1939). It differs, however, from them by the fact 
that one of the 11 A reflections, that perpendicular to the particle length pre- 
dominates over all the others. This indicates either sheets or sets of parallel 
fibres with this lateral spacing, or, what comes to much the same thing, a high 
degree of alignment of the smallest sub-units. To a certain degree it resembles 
the fibrous and denatured proteins in this repeat and may like them have a 
simpler structure than that of the crystalline proteins.^ Such a deduction 
would fit with the view that the virus was in some way simpler than other 
proteins, but whether because it was more primitive than the crystalline, or is 
a degradation product of them it is of course impossible to say at present. 
Astbury and Bell (1938) and Astbury (1938 a, b) have suggested that the hypo- 
thetical virus sub-units of 22 A cube are each linked with one nucleotide of the 
nucleic acid chain or ring. This fits reasonably with the analytical figures for 
phosphorus content but as yet there is no direct evidence for the view. The 
answer to these questions must be found in a far wider study of proteins and 
nucleoproteins by x-ray methods. 

2. Biological Implications 

So far the discussion has been confined to an elucidation of the modes of 
aggregation and the internal structure of virus particles, based primarily on 
an intensive study of tobacco mosaic virus, with its two selected strains, 
enation and aucuba which are except in the respects mentioned below indis- 

^ More recently the structure of horse serum albumin has been studied by one of 
us (Fankuchen, 1940) and this seems to offer some analogy to that of tobacco mosaic 
vfrus. It is hexagonal, a - 96 A, c - 144 A the main reflection being the (0006) 
at 24 A. 
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tinguishable. The other viruses, cucumber virus strains, potato virus X 
strains, and bushy stunt, were studied less intensively and can only be dis- 
cussed here in a comparative way. 

Physical Properties 

In physical properties the different virus preparations vary widely (see 
Bawden and Pirie, 1937 a and 6; 1938 a, b and c). The differences that we ob- 
served refer only to the preparations of wet and dry gel. In this respect the 
behaviour of the three strains of tobacco mosaic virus was indistinguishable, 
all gave gels of similar texture and birefringence, but it was observable that 
these were more easily obtained in a well oriented form from the ordinary strain. 

Cucumber virus strains gave gels of lower birefringence for wet and for dry 
gel, and these were definitely not so well oriented. Potato virus X strains 
gave even worse gels of very low birefringence and poor orientation. No 
orientation phenomena were observable for bushy stunt virus, and the gels it 
gave were amorphous. 


Intramolecular Patterns 

All the strains of tobacco mosaic virus gave indistinguishable intramolecular 
patterns, as far as the position and intensities of the four principal spots, (0003), 
(0006), (4482), and (3037), are concerned (see p. 148). Enation and the or- 
dinary strain in solution also gave the same full detailed patterns. The 
aucuba strain and the cucumber virus were not examined in such detail. 
We may, however, conclude that they contain the very similar sub-units and 
particle structure. Potato virus X showed a different intramolecular pattern, 
(Plate 3, Fig. 21), which, however, was clearly related to that of the tobacco 
virus. The reflection corresponding to (0006) in tobacco mosaic virus remains 
as the strongest at 11 A, but (0003) is replaced by two spots of spacing 33 and 
16.5 A representing the first and second orders of which (0006) is the third. 
(3140) and (4482) are replaced by arcs of approximately the same spacing, 
but it is impossible to determine their precise position owing to the poor 
orientation of the specimens. No difference was detectable, between the or- 
dinary and the masked strains of potato virus X. The most obvious inter- 
pretation at this stage is that the virus contains similar sub-units, but that 
these are arranged in a different way to those of tobacco and cucumber virus. 
In the case of the bushy stunt virus the distinction established between inter- 
molecular and intramolecular patterns breaks down. As the crystals here are 
true crystals all x-ray reflections must conform to Bragg’s law for the ciystal 
unit, which here corresponds to the intermolecular pattern observed for the 
other viruses. Powder photographs at short distances, however, do show defi- 
nite concentrations of scattering at about 1 1 and 4.5 A, of which no more can 
be said than that they are typical of proteins in general and not unlike those 
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given by the other viruses. It may be possible to get more information on this 
point by examining single crystals, though so far these have proved too small 
for the purpose. 


IfUermolecular Patterns 

The different varieties of virus showed distinct differences in their inter- 
molecular patterns. These differences are of two kinds, namely, in the spacing 
of the pattern and in the relative intensities of the different spots. Within the 
accuracy of measurement of about one-fifth per cent, all strains of tobacco 
mosaic virus give the same dry gel spacing. It must be emphasized that this 
reproducibility is one of the most notable characteristics of the virus prepara- 
tions. Centrifuged sap, dried top and bottom solutions of different concen- 
trations, and dried crystals prepared from different samples and at different 
times, give identical spacings to this degree of accuracy. Both varieties of 
cucumber virus give a different spacing though the difference is small, 128 A 
against 132 A for the tobacco mosaic strains. 

The patterns given by the bushy stunt virus are necessarily of a very different 
kind. The virus was prepared in the form of small crystals which on micro- 
scopic e xamina tion appeared to be regular dodecahedra, which are completely 
isotropic (Bawden and Pirie, 1938 5). This indicates the probability of a 
spherical rather than an ebngated particle. For the x-ray examination powder 
methods were used, the virus being examined first ofall in its mother liquor and 
subsequently air dried (Bernal, Fankuchen, and Riley, 1938). The results 
of the measurements are shown in Table I. They correspond to t bo«o of a 
body-centred cubic structure. This is in perfect agreement with the habit of 
the crystals, for according to Federov’s law the rhombohedral habit cor- 
responds to body-centred packing. The size of the cell in the wet case is 
394 A and in the dry case 318 A. Their ratio corresponds within errors of 
measurement to a shrinkage observed on the crystals themselves. Using this 
cell size and the observed density of 1.286 for the wet crystals, the wet particle 
molecular weight would appear to be 24,000,000. Bawden and Pirie (1938 b) 
estimated the water content of these crystals to be 55 per cent and if thisisthe 
case the dry particle molecular weight would be 10,800,000 compared to 
8,800,000 the molecular weight measured by McFarlane and Kekwick (1938). 
More recently, Neurath and Cooper (1940) have reported a molecular weight 
of 10,600,000, based on sedimentation and diffusion measurements. It has 
so far proved impossible to measure the density of the dry crystals, and thus 
to measure the dry molecular weight directly. The value given above would 
indicate a density of only 1.12 for the dry crystals, which would appear to 
show that there is considerable zeolitic loss of water. The diameter of the dry 
{Article would appear to be 276 A or much greater than that of the tobacco 
mosaic type. 
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The other viruses did not provide any recognisable intermolecular pattern, 
though, particularly in the case of potato vurus X, exhaustive search was made 
for such a pattern. This may be due to the larger size of the virus particles or 
to their irregular shape. Further work is obviously needed here. 

The other type of difference between intermolecular patterns of the other 
virus strains is that of intensity. Plate III, Fig. 18 and Table I show the 
different reflections of tobacco and cucumber viruses and their estimated in- 
tensities. All these were taken from specimens prepared in an identical way 
and examined in the same orientation. The three strains of the tobacco virus 
do show definite differences of intensity. In view of the discovery of the 
secondary orientation of the particles it might seem that the differences are 
due to this cause, and, indeed, to a certain extent this may be so, the tendency 
to orientation being possibly more marked in the normal tobacco mosaic strains 
than in the aucuba and enation strains. This, however, cannot account for the 
increased intensity of the reflections from the (1230) planes, which, occurring 
at intervals of approximately 30°, are comparatively independent of secondary 
orientation. The cucumber virus shows this difference in a far more marked 
form, the unresolved doublets of planes (2240) and (3140), which is only visible 
in tobacco after heavier e]qx>sutes, are here prominent. The specimens of 
tobacco mosaic virus prepared in 1938 were found to give a pattern which in 
intensity was very <Merent from that of the earlier prqxuntions. Further 
this pattern did not itself renmin constant (Table I). What is notable is the 
increase in intensity of the (2240) and the variability of (1230). It was thought 
that these changes might be due to ageing and some of the specimens were sent 
back to Mr. Bawden for infectivity tests but were found to behave quite nor- 
mally. It is possible that these differences are not due to changes in the par- 
ticle itself, but merely because of its association with water. The line intensity 
is in foct very sensitive to the amount of water present. An old specimen of 
tobacco mosaic virus which when dried in vacuo gave an excellent four line 
pattern with (1100) most intense and interparticle distance of 150 A, gave on 
exposure to air on a damp day an extremely poor pattern with j[1230) strong 
and (1100) weaker and interpartide distance of 153 A. Attempts were made 
to estimate these differences quantitatively by photometer records of the film 
danaiti fta. Owing to the orientation effect, however, the relative intensities 
can only be used for comparison purposes. 

It is difficult to assess the significance of the differences in the intermolecular 
patterns, but they are probably due to slight differences in the shape of the 
cross-section and of its association with water. Their full elucidation requites 
further work in conjunction with a doser study of their intramolecular pat- 
terns. They have some value, however, for comparative purposes. 
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Classification 

The comparison between the intramolecular structure of tobacco, cucumber, 
and potato viruses points clearly to a common pattern. Already, on the 
basis of the x-ray analysis alone, it is possible to arrange the specimens we have 
examined on a scale of similarity and differences which is shown in Table I. 
The three varieties of tobacco mosaic virus which only show slight differences 
in intensity in their intermolecular patterns and none at all in their intra- 
molecular, might be counted as varieties in a species. The related species 
would be that of cucumber mosaic virus, which shows marked differences in 
the intermolecular pattern, not only in intensity but also in spacing. A dif- 
ferent genus would be represented by the potato virus, where the intramolecular 
pattern indicates a different arrangement of similar sub-units. Still another 
would be given by the bushy stunt virus, in which although the intramolecular 
pattern is roughly the same in character, no orientation phenomena can be 
observed. All these virus specimens together show patterns which have more 
similarities amongst each other than with other proteins though it should be 
pointed out that those examined so far by x-rays are a small and unrepresenta- 
tive sample. 

These similarities and differences are seen to run closely parallel to those 
obtained by Bawden and Pirie (1937 a and b; 1938 a and b; 1939) on clinical 
and serological grounds, and it may be hoped that the x-ray method may prove 
of value in explaining the structural characters underlying the differences be- 
tween strains and species of virus and similar bodies. 

General Conclusions 

The provisional picture that we can now give of plant virus particles has 
already modified earlier conclusions in several respects. The virus that has 
been most thoroughly studied, that of the tobacco mosaic disease, seems to have 
very elongated particles of variable length, which we now recognise are in part 
artefacts. Virus particles in the plant are definitely shorter and possibly all 
of the same length. In bushy stunt virus, which gives cubic crystals, they must 
be approximately spherical. The anisotropic character of the other viruses, 
so interesting from the colloid chemical standpoint and so useful for their x-ray 
examination, seems now to have been somewhat of a happy accident, brought 
about by the tendency of cylindrical molecules to aggregate along their length. 

It must be emphasized, however, that if this is the case, all trace of the length 
of the original particles may have been lost in the resulting elongated particle. 

The x-ray evidence points to a virus particle of complex structure. It is 
more analogous to a protein crystal than a protein molecule. Its internal regu- 
larity is very considerable. The crystaUinity of the virus goes further than the 
aggregation of similar particles that produce the visible crystals or liquid crys- 
tals, it is a property of the isolated particles of the virus. 
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The arrangement seems to be one of small sub-units, 11 X 11 X 11 A 
definitely of a smaller order than those of crystalline protein molecules. There 
are indications that the nucleoprotein of the particle has a different internal 
structure from that of normal crystalline proteins and that it is in some ways 
simpler. 


Biological Significance 

This is not the place to discuss the biological significance of these observa- 
tions. Until more is known of the structure and biochemical Junctions of 
systems such as bacteria, whose chemical activities are usually taken as criteria 
of life, the crystalline nature of the particles that we have studied cannot in 
itself be given a biological significance nor give an answer to the question as to 
whether they are or are not the infective agent (Bawden and Pirie, 1937 a), 
nor to the far more metaphysical question as to whether they are to be con- 
sidered living organisms (Pirie, 1937). We would moreover like to emphasize 
that the only fully reliable facts that are here established are the physical and 
x-ray measurements. The hypotheses used to explain them are more or less 
provisional and it would be premature to base elaborate or detailed interpreta- 
tions of structure and function on the evidence available at this stage of the 
work. 

The chief utility of this work up to the present has probably lain in the ex- 
tension to the biological field of two new methods, the technique of the study 
of oriented aggregates and the x-ray examination of complex structures of very 
long spacings. We have shown that this latter technique is by no means dif- 
ficult and we may therefore hope that many other such structures will be dis- 
covered by its means. Effectively by the use of ordinary x-rays at small angles 
we can measure any regularities of the order of 1000 A or 1/10 /x and this is 
close to the lower resolvable limit of the ultraviolet microscope and has already 
been reached by the electron microscope. It should further be possible to 
push the examination of fine structures from that obtainable by the microscope 
right down to atomic dimensions. 

The study of the virus preparations by these methods ha§ brought to light 
hitherto unsuspected or at least undemonstrated properties of colloidal aggre- 
gates. It has been demonstrated that linear colloidal particles are arranged, 
even in dilute solution, in aggregates as regular as those of a crystal. The dis- 
tance between them can be varied with the ionic character of the medium and 
this proves the existence of long range interparticle forces and indeed provides 
quantitative confirmation of the theories of these forces. Further by combin- 
ing the x-ray studies with optical observations it has been possible to build up a 
theory of gel formation and thixotropy that may prove of value. The viru^ 
of the tobacco mosaic typ^ owing to their extreme uniformity and stability 
are indeed an ideal material for the controlled studies of colloids. Finally, 
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it must be emphasized that with such a bewildering set of new phenomena, 
the work here recorded represents only a preliminary and rough survey and that 
many more man-years of work will be required before exact and reliable inter- 
pretations can be expected. 

We are greatly indebted to Mr. N. W. Pirie and Mr. F. C. Bawden for 
supplying us with the virus preparations used in this work and to Mr. C. Chap- 
man for the construction of the apparatus. Miss F. Bell took some of the 
earliest intramolecular photographs of the virus preparations. Dr. Crowfoot 
was of the greatest assistance during the final revision of the paper and was 
responsible for the preparation of many of the illustrations. A grant from the 
Royal Society made possible the purchase of the x-ray apparatus at Birkbeck 
College, and one of us (I. Fankuchen) has been assisted by a grant from the 
Department of Scientific and Industrial Research. 

SUMMARY 

These papers give an account of an optical and x-ray examination of prqp- 
arations of plant virus substances isolated by Bawden and Pirie, in particular 
of those of tobacco mosaic disease. They open with a historical survey of the 
work, indicating the order in which new phenomena were discovered. The 
subsequent treatment is divided into three parts: 

I. Litroduction and preparation of specimens. 

n. Modes of aggregation of virus particles. 

III. (1) The structure of the particles. 

(2) Biological implications. 

Part I, after an historical introduction, describes the method of preparation, 
from solutions of the virus, of optically oriented specimens of different con- 
centrations. For their examination special x-ray apparatus was developed, 
in particular cameras working with very low angles and capable of indicating 
spacings up to 1000 A. 

Part n is concerned with the phenomena of aggregation of the virus particles 
in solutions. Two modes of aggregation are observed, a disoriented sol at low 
concentrations and an oriented sol passing continuously over to an oriented gel 
at higher concentrations. Solutions of medium strength divide into two 
layers on standing. The top layer, which is more dilute, i.e. of concentrations 
below 1.6 to 4 per cent is an isotropic liquid which shows flow birefringence and 
other phenomena indicating the presence of long thin particles. The bottom 
layer in equilibrium with it, and also the higher concentrates prepared by cen- 
trifugation, are spontaneously doubly refractive and consist of regions in which 
the particles are parallel. X-ray investigation shows that the particles are 
also equidistant and that the sol is a new kind of liquid crystal with a regular 
hexagonal arrangement in cross-section. The distances between the particles 
depend simply on the concentration, indicating the homogeneity of their dis- 
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tribution. The equilibria between top — ^and bottom — layer solutions and the 
special forms which the latter can exhibit — tactoids and reversed spirals — are 
also discussed. Preparations with concentrations of 30 per cent and over have 
gel-like properties and become stiffer as the water content decreases, but there 
are no abrupt transitions. At pH 7 in the absence of salt these gels swell until 
a concentration in equilibrium with the top layer is reached, that is down to 
concentrations of 4 per cent-1.6 per cent. Nearer the isoelectric point, at 
pH 3.4, or in ammonium sulfate solution, the degree of swelling is much more 
limited and an equilibrium is reached in which the distance between the par- 
ticles depends on the pH or the salt concentration. The minimum interparticle 
distance at the isoelectric point or for high salt concentrations is about 175 A. 
The original “crystals” observed by Stanley are shown to be gels of this type 
in the form of small elongated tactoids. On drying, further shrinkage takes 
place and the resulting air dry gel has an interparticle distance of only 152 A. 
In these gels the arrangement of particles in the cross-section is so perfect that 
each specimen is a two-dimensional single crystal. The conclusion of this 
study is that the virus preparations consist of approximately cylindrical par- 
ticles about 150 A in diameter. Their length cannot easily be estimated by 
x-ray methods, but the minimum value of 1,500 A found by Kausche, Pfankuch, 
and Ruska (1939) is compatible with the x-ray evidence. Much longer par- 
ticles formed by aggregation of these also occur. The forces maintaining the 
particles equidistant and parallel in these gels are probably due to the ionic 
atmospheres surrounding them. It is shown that for long particles the mutual 
energy due to the ionic atmospheres is considerably greater than their tem- 
perature motion at ordinary temperatures, and consequently they must arrange 
themselves parallel and in a regular two-dimensional lattice. Further con- 
sideration of these phenomena leads to an explanation for the other colloid 
phenomena shown by the viruses, particularly the formation of tactoids and 
gels. The spindle-shaped form of the tactoids is shown to be due to anisotropic 
surface tension due to the parallel arrangement of the long particles on the 
surface. Dilute gels appear to be composed of tactoids of a multiply branched 
character showing thixotropic behaviour. This theory may ha^e wi»^c ex- 
tensions to other colloid systems. 

In Part III, Section 1 deals with the x-ray evidence on the internal structure 
of the particles. Even in solution, they have an inner regularity like that of a 
oystal. Virus preparations are thus in a sense doubly crystalline. Closer 
analysis reveals that the x-ray patterns are not directly comparable to those of 
a crystal as many of the reflections do not obey Bragg's law, but can be under- 
stood on the theory of gratings of limited size. The structure seems to consist 
of sub-units of the dimensions of approximately 1 1 A cube, fitted together in a 
hexagonal or pseudohexagonal lattice of dimensions — a = 87 A, c = 68 A. 
Contrary to what earlier observations seemed to indicate, the particle seems 
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to be virtually unchanged by drying and must therefore contain little water. 
There are marked resemblances with the structure of both crystalline and 
fibrous protein, but the virus structure does not belong to any of the classes 
hitherto studied. There are indications that the inner structure is of a simpler 
character than that of the molecules of crystalline proteins. 

Part ni, Section 2 contains a comparative study of the optical and x-ray 
examinations of three strains of tobacco mosaic virus, two of cucumber dis- 
ease virus, two of potato virus X, and the virus of bushy stunt disease of 
tomato. In the last case x-ray measurement confirmed the deduction from its 
cubic crystal habit that it was composed of spherical rather than long particles, 
and showed that these had a diameter when dry of 276 A and were arranged 
in a body-centred cubic close packing. This single example is sufficient to 
show that the elongated particle form which gives rise to all the anomalous 
physical properties of the other viruses studied is of no essential biological 
importance. The similarity and differences observed between the ph}rsical 
properties of these preparations run closely parallel to their clinical and sero- 
logical classification. Finally, the biological implications of these results are 
discussed together with possible applications of the new methods of examina- 
tion to the study of colloid and biological problems. 
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Chyniotrypsinogen is a cr 3 rstalline protein, which has been isolated from 
acid extracts of fresh cattle pancreas by Kunitz and Northrop (1). This 
protein is transformed by minute amounts of tr 3 ^sin into an active proteolytic 
enzyme, originally called chymotrypsin (1), but later designated a-chymo- 
trypsin by Kunitz (2). This paper deals with the determination of the sulfur 
amino acids and of tyrosine and tryptophane in chymotrypsinogen, kindly 
put at our disposal by Dr. Kunitz. 

Semi-micro methods for the accurate determination (in protein hydrolysates) 
of the sulfur amino acids, cystine, cysteine, and methionine, and of sulfate 
sulfur have been described in recent publications (3-^) from this laboratory. 
A system of analysis has been developed in which each of these constituents 
is determined by at least two independent methods. Hydrolysis is carried 
out in an inert atmosphere with HI in presence of hypophosphite, with HCl 
or with HCl in the presence of urea (7). 

During HI digestion methionine (CHr-S— CH 2 -CH 2 .CH(NH 2 )-COOH) is 
split into methyl iodide and the S-lactone of homocysteine (HS-CH 2 CH 2 * 
CH(NH 2 ) • COOH). Both split products arc determined, the former as volatile 
iodide, the latter iodometrically (5). HI hydrolysis leaves cysteine unchanged, 
while cystine is reduced to cysteine, so that the sum of these compounds can 
be determined as cysteine by iodometric oxidation (5). Cysteine and cystine 
are determined separately by our photometric method >in IICl hydroly- 
sates (3, 4). 

Acid-insoluble humin in HCl hydrolysates interferes with the cysteine deter- 
nodnation, since the humin precipitate may contain appreciable amounts of 
cysteine, as shown first by Lugg (8), With certain proteins {e.g. egg albumin 
and lactalbumin) the formation of acid-insoluble humin can be almost entirely 
prevented by carrying out the HCl hydrolysis in the presence of urea (7); 
under these conditions satisfactory results for both cysteine and cystine are 
obtained. 

The Sullivan method {cf. 3, 6), which is specific for cystine, cannot be inter- 
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preted if a hydrolysate contains both cystine and cysteine, since the latter 
develops more color than the former. This method is used as a check on 
the cystine values {cf, 3, 6). Sulfate S is determined as H 2 S in HI hydrolysates 
(5) and also by a micro gravimetric procedure as BaS 04 in a separate HCl 
hydrolysate (5). Total sulfur in the protein is determined by an adaptation 
(6, 9) of the Pregl method. 


TABLE I 


Methionine, Cystine, and Stdfaie in ChymoUrypsinogen 


Substance 

(1) 

Hydrolsrsis 

(method) 

(2) 

Methionine deter^ 
mined as 

Cystine determined as 

Sulfate sulfur 
determined u 

Volatile 

iodide 

(3) 

Homo- 

cysteine 

(4) 

1^ 

■1 




BaSO« 

(9) 

mg. 


Per cent 

per cent 

percMt 

percent 

percent 

percent 

percent 

237.3 

HI (<») 

1.19 

1.14 

4.49 

0 

4.49 

0.62 


253.0 

“ (« 

1.22 

1.23 

4.57 

0 

4.57 

0.59 


188.3 

HCl (c) 



1.11 

3.34 

4.45 



91.4 

“ W 



1.26 

3.23 

4.49 



101.54 

“ (e) 







0.64 

Total used for 


Average 1.20 | 



Average 4.50 

Average 0.62 

analysis 872 









Corrected t 

1. 

22 



4.59 




! 

(0.262 as S) | 



(1.225 as S) 




* Cysteine is calculated as half-cystine (MW =» 120). 

t For sulfate content = 1.94 per cent. 

(tf) (b) 6hfs. at 150^ method (5). 

(c) 8 hrs. at 130", method (3). 

(d) 8 hrs. at 130°, in the presence of urea, method (3, 7). 

(e) 6 hrs. at 130°, method (5). 

For casein, lactalbumin, reduced lactalbumin (6), crystalline egg albumin (6), 
blood fibrin (7), and thyroglobulin (10), we have shown that the sum of the 
average values for methionine, cystine, cysteine, and sulfate sulfur accounts 
within 1 per cent for the total sulfur determined by elementary analysis. 
This concordance establishes the significance of the values obtained for the 
individual sulfur amino acids. 

From Table I it can be seen that chymotrypsinogen contained some sulfate 
(0.62 per cent sulfate S or 1.94 per cent calculated as SO4) which had not 
been removed by dialysis. The methionine content is 1.22 and that of cys- 
tine + cysteine 4.59 per cent;^ the agreement between values obtained by 
independent methods is excellent. In HCl hydrolysates about one quarter 
of the total cystine is present as cysteine. 

^ C 3 rsteine (MW - 121) is calculated as half-(ystine (MW - 120). 
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In Table II it is shown that methionine S and cystine + cysteine S account 
accurately for total sulfur less sulfate sulfur. Chymotrypsinogen contains 
1.484 ])er cent of protein sulfur. 


TABLE n 

Sidfur DisIribtUion and Molectdar Weight of Chymotrypsinogen 


Constituent 

Sulfur 

Per cent of 
protein 
sulfur 

Constituent 

Sulfur 

Methionine 

Cystine + C 3 r 8 teine 

Per urn 

0.262 

1.225 

18 

82 

Total S(Pn^) 

Sulfate S 

percent 

2.07 

0.62 

Protein S 

1.487 


Protein S 

1.45 

1.48 


(Corrected)* 


■Av. Protein S — 1.484 per cent- 


^dethlOnine S hi methionine 

(Cystine + cysteine) S Nheif-ey.une + Nfly,t«ine 

0.262 ^ 1 ^ 2 _ 3^4 

1.225 “ 4.67 “ 9.35 " 14.03 “ 18.7 

Methionine: half-cystine *4- cysteine *» (a) 3:14 or (b) 4:19 

P er cent cyste ine Ncye t eino 

Per cent cystine Nbnif-cyetine 

1_^29 _L ^ ^ « _L . 

3.30 “ 2.56 5.12 " 7.67 “ 10.2 " 12.8 “ 15.4 

Cysteine ; half-cystine ■* 4: 10 

Methionine : half-cystine : cysteine : sulfur 

3 : 10 : 4 : 17 

Minimum molecular weight =* 36,600 

Molecular weight by osmotic pressure =■ 36,000 x 
(Kunitz and Northrop (1)) 

* Corrected for SO 4 content = 1.94 per cent. 

From the distribution of the sulfur amino acids the minimum molecular 
weight of chymotrypsinogen can be calculated, on the basis that the material 
analyzed is a pure chemical individual and that a protein molecule must con- 
tain integral numbers of the constituent amino acids. The molecular weight 
of a protein is given by equation (1): 

Mi X too X 

Mp “ 


(Per cenUi 


( 1 ) 
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Mp and Mt iqnesent respectively the molecular weight of the protein and 
an individual amino add, Ni is an integer and represents the number of residues 
of an individual amino add, (per cent),- is the content, in per cent by weight, 
of the individual amino add in the dry protein. Cjratine (CyS — ^SCy, 
MW =s 240) is the equivalent of two amino adds, it has, therefore, to be con- 
sidered in terms of half-cystine residues ([CyS — ], MW == 120). By defini- 
tion, then, the number of half-tystine residues (iVh»u-cyiiine) in a protein must 
always be an even integer, while the number of cysteine residues (iVey,teiiie) 
may be an even or an odd whole number. 

If a single amino add (a) has been determined, the minimum molecular 
weight is obtained from equation (1) by taking N„ — If two amino adds 
(o) and (6) have been determined, minimum values for Na and Nt, are obtained 
by setting up two simultaneous equations for Mp, resulting in equation (2): 

(Per cent), ^ ^ ^ q, 

(Per cent)6 Ma Nb 


in which the left side is preferably expressed as a proper fraction; i.e., one in 
which the numerator is smaller than the denominator. The conversion of 
this proper fraction into the smallest simple fraction (i.e. one in which both 
numerator and denominator are integers) yields the number of residues, of 
(o) and (b) per minimum molecular weight. For the sulfur amino acids equa- 
tion (2) can be simplified as given in equations (3) and (4), since in these cases' 


Per cent methionine sulfur 
Per cent (cystine -f- cysteine} sulfur 


IVmethiooiDe 

I - ■ — ■ — ■ 

^half-cystine "t* ^cysteine 


Per cent cysteine 

■ ■ ■■ - ■ . I 

Per cent cystine 


N cysteine 
^half-cystine 


Since the protein sulfur of chymotrypsinogen has been accurately deter- 
mined (with an error of less than 1 per cent) and has been fully accounted for 
as cystine, cysteine, and methionine, (each of which contains nitrogen and 
sulfur in equiatomic proportions) the relationship given in equation (S) 
obtains: 


-i^sulfur ■■ •i^methionine “h ■iV^half-cystine “t" ^cysteine (5) 

In Table II the number of S atoms and the number of residues of the sulfur 
amino acids in the minimum molecular weight of chymotr 5 rpsinogen are 
calculated from equations (1) to (5) using the experimental data reported. 
The figures for methionine S and for (cystine + cysteine) S are expressed as a 
proper fraction and converted into a simple fraction. It can be seen that for 
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1 and ^ methionine residues, the corresponding values for half-cystine + 
cysteine residues differ by 7 and 4 per cent, respectively, from the nearest 
integers; these differences are outside of the error of the methods. However, 
for 3 and 4 methionine residues per mol the corresponding half-cystine + 
cysteine values differ only by 0.4 and 1.6 per cent from the integers 14 and 19, 
respectively. These values for Ny together with the percentages found, lead 
to a minimum molecular weight for chymotrypsinogen of either (a) 36,600 
with 17 atoms of sulfur and 3 and 14 residues, respectively, of methionine and 
of half-cystine + cysteine or (b) 49,400 with 23 atoms of sulfur and 4 and 19 


TABLE m 

Tyrosine and Tryptophane in Chymotrypsinogen 


Sample 

1 

1 

Tyrosine 

Tryptophane 

Hydrolysis with 

Hydrolysis with 

NaOH 

NaOH-SnCli 

NaOH 

NaOH~SnCls 

mg. 

per cent 

percent 

Percent 

per cent 

20.9 

2.92 


5.09 


21.5 

1 

1 

2.97 


5.29 

30.0 

2.99 


4.88 


30.9 

j 

2.84 


5.36 

38.4 

] 2.82 


4.96 


39.8 


j 2.84 


5.54 

Total used for analysis 181 

Average 2.90 

[Average 4.98] 

Average 5.40 

Corrected* 

2.96 


5.51 


• For sulfate content «■ 1.94 per cent. 


residues, respectively, of methionine and half-cystine + cysteine. The deci- 
sion between {a) and (6) can under favorable conditions be made on the basis 
of equation (4). The per cent of cysteine is divided by that found for 
cystine and converted into a scries of simple fractions (Table II). Within 
the experimental error, the smallest possible* set of figures, is 4/10, which is in 
agreement with (a). This value (36,600) is the actual inolecuiar weight of 
chymotrypsinogen, since Kunitz and Northrop (1) have found by osmotic 
pressure measurements a molecular weight of 36,000. 

We have recently (11) described a micro method for the photometric deter- 
mination of tryptophane, tyrosine, diiodo-tryosine, and thyroxine in protein 
hydrolysates (based on procedures develop)ed by Lugg (12) from the Folin- 
Ciocalteu (13) method). In the course of the determination tyrosine is quanti- 

* The number of half-cystine residues should l)e an even integer, this eliminates 
2/5 from consideration. 
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tatively separated from tryptophane, which is isolated as an insoluble mercury 
compound. The Millon reaction is used for the photometric determination of 
both amino acids; correction factors were established to compensate for destruc- 
tion during hydrolysis. Hydrolysis is carried out in sealed tubes with both 
NaOH and NaOH— SnCU. Tyrosine destruction is about 1.5 per cent greater 
in NaOH than in NaOH — SnCls hydrolysates. Using such a correction the 
same results for the tyrosine content of egg albumin, fibrin, and lactalbumin 
are obtained with both methods of hydrolysis (11). It can be seen from 
Table III that this holds also for the tyrosine in chymotrypsinogen. The 
tyrosine content of chymotrypsinogen is 2.96 per cent (Table III), that is 6 
t)n:osine residues per mol (Table IV). 


TABLE IV 

Composition and Molecular Weight of Chymotrypsinogen 


Constituent 

(1) 

Per cent 

(2) 

No. of 
residues 

(3) 

1 

1 Molecular eight 

1 

Percentages 
calculated fui 
MW - 36,70C 
(5) 

' Deviation 

(5) - (2) 

Methionine 

Half-cystine (SH + SS) .j 

Protein sulfur j 

Tyrosine j 

Tryptophane j 

1.22 

4.59 

1.484 

2.96 

5.51 

3 

14 

17 

6 

10 

36,600 

36,600 

36,700 

1 3o,700 

37,000 

1.22 

4.58 

1.484 

2.96 

5.56 

0.00 

-fO.Ol 

0.00 

0.00 

-0.05 

1 



Average 36,700 



Cysteine j 

1.29 1 

4 


1.31 

-0.02 

Half-cystine [CyS — ] j 

3.30 1 

10 , 


3.27 

+0.03 


In the case of tryptophane the destruction of the pure amino acid by NaOH 
(cf, 11) is much greater (7 per cent) than by NaOH — SnCl 2 (2 per cent). How- 
ever, in proteins such as egg albumin, fibrin, globin, and thyroglobulin, we find 
that the tryptophane is more stable towards alkali, so that the same results are 
obtained both after alkaline and alkaline-stannite hydrolysis. From Table III 
it can be seen that chymotrypsinogen differs from these proteins, being about 
9 per cent lower in tryptophane by alkaline hydrolysis without stannite. The 
results with alkaline-stannite hydrolysis indicate a tryptophane content of 
5.51 per cent or 10 residues per mol (Table IV). Chymotrypsinogen has the 
highest tryptophane content of any protein so far on record.® 

The experimental data are summarized in Table IV. The molecular weights 
calculated from the determinations of the individual constituents (according 
to equation (1)) are given in column (4). The molecular weight of chymo- 

^ This high tryptophane content had already been found by Kunitz (personal com- 
munication). Our unpublished experiments indicate that the tr3ptophane content 
of beta and gamma chymotrypsin is still higher. 
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trypsinogen obtained from these determinations is 36,700. The deviations 
from the mean are 100 (or 0,3 per cent) for the sulfur amino acids and 300 
(or 0.9 per cent) for tryptophane. A detailed discussion of the data and their 
implications regarding the structure of the ch)nnotiypsinogen molecule will 
be postponed until similar data have been obtained for alpha, beta, and 
gamma chymotr 3 rpsin. 

Chymotr 3 ^sinogen has no reactive SH groups, since we find that the nitro- 
prusside test is negative in the presence of ammonia. Nevertheless hydrolysis 
with HCl yields 4 cysteine groups per mol. The appearance of these Cy — SH 
groups on hydrolysis may be due to one of the following possibilities: 

{a) The Cy — SH groups are actually present in the native protein, but 
unreactive (this would also include hydrogen bonds and salt bridges). 

(b) They are not present in the native protein, the sulfhydryl hydrogen of 
the cysteine being substituted for by X. On HCl hydrolysis Cy-SX groups 
yield cysteine according to equation (6): 

CyS— X + HOH - CySH + X~OH (6) 

The question whether there are Cy — SH or Cy — SX groups present in native 
chymotrypsinogen remains unsolved.^ It is hoped that experiments on dena- 
tured chymotrypsinogen with porphyrindin along the lines developed by us 
for egg albumin (14) or by the technique of Anson (15, 16) will shed light on 
this question. 

It is generally recognized that some uncertainty is attached to all amino 
acid determinations, since they are carried out in hydrolysates. The study 
of the behavior of the free amino acids under varying conditions of hydrolysis 
(cf. 5, 11) and the establishment of correction factors overcomes this difficulty 
to some extent. There always remains the possibility that in a specific protein 
structure an amino acid is unusually labile and subject to increased hydrolytic 
destruction and other reactions. Examples are the sensitivity of the cystine in 
the insulin molecule towards HI hydrolysis, whereas it is quite stable during 
HCl hydrolysis (17) ; also the greater destruction of tryptophane in chymotryp- 
sinogen during alkaline hydrolysis as compared to alkaline stannite hydrolysis 
(cf. Table III). However, in the case of the sulfur amino acids and of the 
iodoamino acids the analysis of hydrolysates may yield unequivocal evidence. 
If — as in chymotrypsinogen — the protein sulfur, determined by elementary 
analysis, is fully accounted for by methionine and cystine + cysteine in hydro- 
lysates, then we have conclusive evidence that the amount of these amino 
acids actually present in the protein has been determined. 

^ It should be recognized that the appearance not only of Cy SH groups but of SH 
groups in general may be due to (a) activation of free SH groups, (b) hydrolysis of 
S — ^X groups (equation 6), and (c) hydrolysis of S — S groups (S S -f- HOH =» SH 4- 
S—OH). This will be discussed elsewhere. 
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As is apparent from its method of preparation and from some of its proper- 
ties, the crystalline chymotrypsinogen of Kunitz and Northrop is a protein 
of exceptional homogeneity, purity, and stability. The excellent agreement 
of the data in Table IV is primarily due to this fact. On the other hand these 
results establish confidence in the accuracy and precision of the analytical 
methods developed by us. The results of recent physical and physicochemical 
studies have clearly demonstrated the fact that native proteins are comjx)tmds 
with well defined molecular mass and shape. The earlier chemical investiga- 
tions are not very conclusive in this respect, partly because the proteins 
analyzed were impure, partly because most methods of amino acid analysis 
lack sufficient accuracy and precision. The results in Table IV supplement 
the physical and physicochemical data and show that chymotr 3 rpsinogen is a 
well defined chemical entity, obeying the law of multiple proportions. 

Methods 

The sample of ch 3 rmotrypsinogen as obtained from Dr. Kunitz, had been 7 times 
reciystallized, dialyzed, and then dried in vacuo and CO* snow. It was equilibrated 
in air for 2 da 3 's; the change in weight was insignificant (0.1 per cent). The air-dried 
material was used for all analytical procedures, the weights being corrected for 
moisture content. 

Moisture Determination, — 53.185 mg. were dried in vacuo over PjOb at 100®C. to 
constant weight (4 hours); loss 3.544 mg. = 6.66 per cent of moisture. A second 
sample of 57.144 mg. lost 3.698 mg. = 6.47 per cent. Average moisture content » 
6.57 per cent. 

Determination of Total Sulfur, — We are indebted to Mr. Wm. Saschek for these 
determinations, carried out by an adaptation of the Pregl method (6, 9). The result 
reported in Table II (2.07 per cent) is the average of two determinations, 27.08 mg. 
and 27.09 mg. of chymotrypsinogen yielded 4.04 mg. and 4.09 mg. of BaS 04 , respec- 
tively, “ 2.05 and 2.09 per cent of sulfur, respectively. I'herc was no ash. 

Micro Gravimetric Determination of Sulfate S, — This determination was carried out 
as described previously (5). 101.54 mg. of chymotrypsinogen were hydrolyzed under 
CQb with 5 cc. of 6 N HCl for 6 hours in an oil bath at 130®C. 4.710 mg. of BaSOi 
were obtained, sulfate S = 0.64 per cent (r/. Table I). 

A test with Nessler^s reagent for free anunonia was practically negative, indicating 
that the sulfate was probably combined with basic groups and not present as ammo- 
nium sulfate. The average content of sulfate S (0.62 per cent, cf. Table I) corresponds 
to 1.94 per cent of SO 4 . The average values of the individual determinations were 
corrected accordingly {cf. Table I-IV). 

Determination of Total Nitrogen, — ^We are indebted to Mr. Wm. Saschek for these 
determinations by the micro-Dumas (Pregl) method. 3.639 mg. and 3.192 mg. gave 
15.83 and 15.90 per cent of nitrogen respectively. 

The nitrogen content of our sample of chymotrypsinogen, corrected for sulfate 
(1.94 per cent) is 16.18 per cent. 
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Kunitz and Northrop (1) reported 15.8 per cent of nitrogen for ch 3 rinotiypsinogen« 
Their preparation contained about 0.44 per cent of sulfate S equal to 1.37 per cent 
of sulfate (calculated on the basis of the protein sulfur in Table 11), since th^r find a 
total sulfur of 1.9 per cent. Corrected for sulfate, the total nitrogen is 16.03 per cent. 

The values 16.18 and 16.03 per cent for the nitrogen content of chymotrypsinogen 
are in reasonable agreement. The establishment of a more accurate value seems 
highly desirable and is of considerable importance for the interpretation of the con- 
version of chymotrypsinogen into alpha, beta, and gamma chymotrypsm (2). 

HI Hydrolysis r—TYit determinations of methionine, of cystine + cysteine, and of 
sulfate S were carried out as described previously (5) and are reported in Table I 
((a) and (b)). After removal of the HI, the digest had a yellow color. Methyl 
mercaptan was determined in the HgCb absorber; no unusual amounts were found 
{cf, 5) This indicates that the decomposition of the methionine in chymotrypsinogen 
by PI is similar to that observed with methionme and with other proteins (5). For- 
mation of methyl mercaptan from methyl iodide and H 2 S {cf. 5) did not take place to 
any appreciable extent, since the values for sulfate S, determined iodometrically (as 
H 2 S) and gravimetrically, were the same within the limits of error {cf. 5). 

HCl Hydrolysis. — 188.3 mg. were hydrolyzed for 8 hours in a bath of 130®C. with 
8 cc. of 6 N HCl in a current of CQs. The hydrolysate was brown and contained a 
very small amount of solid, acid-insoluble humin. In half of this hydrolysate cystine 
and cysteine were determined separately by the photometric method (3). 1.11 per 
cent of cysteine and 3.34 per cent of cystine were found {cf. Table I (c)). The other 
half was used for a cystine determination by the Sullivan method {cf. 3, 6); we found 
5.05 per cent of “cystine.” As pointed out in previous publications (3, 6) the Sullivan 
method does not differentiate between cysteine and cystine and gives high results if a 
hydrolysate contains both cysteine and cystine. We have repeatedly found (3, 6) 
that cysteine gives about 50 per cent more color than cystine. Therefore we would 
expect on the basis of our photometric determination to find about 5 per cent of 
“cystine” by the Sullivan method. This checks the value obtained above by the 
Sullivan method (5.05 per cent) and is additional evidence that the difference between 
protein S and methionine S is accounted for by cystine and cysteine and not by any 
other sulfur-containing compound. 

For the hydrolysis with HCl in the presence of urea 91.4 mg. of chymotrypsinogen 
were hydrolyzed in a current of COii for 8 hours in a bath of 130®C. with 5 cc. of water 

2 gm. of pure urea -f 1 1 cc. of concentrated HCl. After 8 l^purs the hydrolysate 
had a slight, pale yellowish color, but had remained perfectly clear. The results are 
reported in Table I {d). This method of hydrolysis should be generally useful to 
avoid or minimize humin formation. 

Determination of Tyrosine and Tryptophane. — ^This method was described previously 
(11). The protein was so bulky that in the tubes used for hydrolysis somewhat more 
than 1 cc. of air had to be sealed in. The NaOH— SnCl* hydrolysates were colorless, 
while the NaOH hydrolysates were distinctly yellow. The extinction coefficient of the 
yellow color in NaOH hydrolysates was determined as described (1 1). The correction 
was uniform for different hydrolysates and amounted to 0.04 per cent of tryptoph^e. 
The results are given in Table IH. 
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SUMMARY 

1. A preparation of chymotrypsinogen, obtained from Dr. M. Kunitz, was 
analyzed for sulfur, the sulfur amino acids, tyrosine, and tryptophane. 

2. The protein sulfur of chymotrypsinogen was accounted for as methionine, 
cysteine, and cystine. 

3. A method is presented for calculating the minimum molecular weight 
of a protein from the distribution of the sulfur amino acids. In the case of 
chymotrypsinogen, the calculated minimum molecular weight was found to 
be the actual molecular weight. 

4. The molecular weight of ch)rmotrypsinogen is 36,700 by amino acid 
analysis as compared to 36,000 by osmotic pressure measurements of Kunitz 
and Northrop. Chymotrypsinogen contains per mol 17 atoms of sulfur, 3 
residues of methionine, 4 of cysteine, 10 of half-cystine (i.e. 5 S — S linkages), 
6 of tyrosine, and 10 of tryptophane. 

5. The tryptophane content of chymotrypsinogen (5.51 per cent) is the 
highest of any protein so far on record. 

6. Ch)anotrypsinogen contains no reactive SH groups, although it yields 
cysteine on hydrolysis. This may be due either to preformed but unreactive 
SH groups or to S — groups. The term S — group is used to denote the 
substitution of the sulfhydryl hydrogen by a constituent X; hydrolysis yields 
SH groups: S— X + HOH = SH + X— OH. 
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1. INTRODUCTION 

Pouchet (1876) in his studies of the color changes in turbots pointed out that 
when these fishes were made to change color repeatedly they did so in shorter 
and shorter intervals of time as though they were perfecting a habit. Similar 
conditions were noted later by van Rynberk (1906) in Rhomboidichihys and 
Solea, by Babdk (1910) in the larvae of salamanders, by Sumner (1911) in 
Lophopsetta, by Mast (1916) in Paralichtkys, by Sumner and Wells (1933) in 
LebisteSy by Parker (1934) in Ameiurus, and by Matsushita (1938) in Parasilu- 
rus. Mast pointed out the possible relation of the graded shortening of the 
times of response to the process of learning. A similar gradual shortening of 
the color reaction times in fishes has been recently recorded by Parker and 
Brower (1937) who suggested that in Fundtdus the initial slowness of the first 
few color changes in a given series might well result from a residue of the op- 
posing neurohumor left over from a previous lengthy response and that such 
slowness might continue to be noticeable till the last trace of this residue had 
disappeared. Such an interpretation of slow initial chromatic responses is 
open to experimental tests and it is one of the objects of this paper to discuss the 
outcome of such tests. 

The work herein reported was carried out on the common eastern catfish, 
Atneiurus nehulosus. It was suggested by recent studies in which it was shown 
that the chief and perhaps exclusive agents in the color changes of Ameiurus 
are three: adrenalin, acetylcholine, and intermedin. Of tjjese adrenalin is the 
sole blanching agent and appears to come from the concentrating nerve fibers 
of this fish. The other two are darkening agents, acetylcholine from the dis- 
persing nerve fibers, and intermedin from the pituitary gland (Chang, Hsieh, 
and Lu, 1939; Parker, 1940). Intermedin is carried from its region of origin 
by the blood and lymph to the melanophores of the skin where it acts on these 
color cells directly. Adrenalin and acetylcholine appear to originate in 
close proximity to the melanophores which they activate and from their 
resp)ective sets of chromatic nerve terminals. They too act directly on the 
melanophores (Parker, 1941). 
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Intermedin is freely soluble in water and is carried throughout a given a nim a l 
in its blood and lymph. In consequence the action of this agent is general 
and rapid and may take place in a catfish in a few minutes. This and other 
like neurohumors have bwn designated in general as hydrohumors (Parker, 
1935). Caudal bands in catfishes blanch or darken only very slowly. Ac- 
cording to Abramowitz (1936) a single dark caudal band composed of only one 
ray will blanch in a pale fish in some 3 days. One composed of three mys 
becomes pale under like circumstances in about 10 days. So slow a process 
as this cannot depend upon aqueous solution solely. It has been suggested 
that the neurohumor concerned with blanching, adrenalin, spreads by diffusion 
not through the aqueous constituents of the tissues hut through their fatty or 
lipoid components (Parker, 1933). The same is true of the nervous darkening 
agent, acetylcholine. Because of their relation to fatty materials these two 
neurohumors and others like them have been called lipohumors. Both 
adrenalin and acetylcholine, however, are also soluble in water. Hence 
they may under other circumstance act as hydrohumors. Experimental tests 
show that as hydrohumors, i.e. when these substances are dissolved in water, 
they quickly excite the whole melanophore system, but as lipohumors and in 
oil they are locally restricted and relatively slow in action. The responses of 
melanophores to nuxtures of adrenalin or of acetylcholine in oil are of first 
importance in the present research. 

2. Adrenalin 

The adrenalin used in these exp>eriments was the whitish powder manufactured by 
Parke, Davis, and Company and dispensed by them as such. For the purposes of 
these tests this powder was further triturated in a mortar, and then mixed with oil to 
a known dilution. Peanut oil, sesame oil, and Italian olive oil were tried. Olive oil 
because of its fluidity and inertness toward the fishes was finally used exclusively. 
Known weights of finely pulverized adrenalin were ground further with definite 
volumes of olive oil and agitated for a day or so. The strongest mixture was 0.1 gm. 
of adrenalin in 10 cc. of oil which was conveniently designated as one part in a hun- 
dred. From this mixture further dilutions were made to the weakest, one part of 
adrenalin in 100,000,000 parts of oil. All mixtures from 1 : 100 to 1 : 10,000 inclusive 
showed cloudiness. After these mixtures had been standing a day or so there was a 
varying amount of sediment on the bottom of their glass containers. Mixtures from 
1:100,000 to 1:100,000,000 were indistinguishable in clearness from pure olive oil. 
The mixture 1 : 100,000 after filtration through good filter paper and after having been 
decanted was found still to be active in concentrating melanophore pigment. It is 
therefore probable that adrenalin is more or less soluble in commercial oilive oil. The 
stronger concentrations of adrenalin injected into the fishes were in all probabilities 
saturated solutions of this agent in oil with a certain amount of the neurohumor in 
^pension. 

When 0.1 cc. of a mixture of adrenalin one part in a hundred of olive oil is 
injected subcutaneously into the flank of a dark catfish, a pale spot will appear 
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over the oil in a. (Quarter of an hour and soon become very pronounced. In an 
houi ihe whole fish will have become f)ale and it will remain so for about a day 
even 'll a black-walled, illuminated vessel. After this the fish will darken 
whetM ■ except for the pale spot which will remain obvious for some 3 to 4 weeks 
wlx • will finally disappear. Injections of adrenalin in oil 1:1,000 to 
1 : ),(X)0 are all followed by the formation in the fish of pale spots above the 



Fk;. 1. Photographic reproduction of tuo prepared catfishes, Amciuriis nebulosusy 
the upper one pale, the lower one dark. On the upper flank of the pale fish at the 
front edge of its adipose fin is a dark mottling due to the dispersing action on the 
melanophore pigment of one part of acetylcholine in 20 parts of olive oil injected an- 
teriorly from a point a little behind the darkened area. In a corrcsjionding position 
on the dark fish is a strikingly pale area irregular in outline and due to the concen- 
trating action of adrenalin one part in 10(K) of oil injected anteriorly from the posterior 
edge of what subsequently became the pale area itself. 

oil but without general blanching (Fig. 1). Such spots may jxirsist in the 
cases of the stronger mixtures for some 3 weeks and in the weaker ones for 
about 2 weeks after which they vanish. Injections of 0.1 cc. of adrenalin 
1 : 1(K),(KK),00() of oil were never followed by color changes of any kind in the 
fishes. So far as change of color was concerned this mixture was fully inactive 
as is pure olive oil. 

When 0.1 cc. of a mixture of adrenalin 1:100 of olive oil is injected subcuta- 
neously into the flank of a dark catfish a pale spot, as already stated, quickly 
appears over this oil. "fhe pigment in the melanophores of this spot, as can 
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he seen under the microscope, is concenlniled to the maximum (k'^ree and 
appears as a minute black dot in each color cell (Parker, PMl). Soon the 
whole fish becomes pale, 'fhe formation of the pale s|)ot and the blanchinij; 
of the tish is believed to be due to the esca]ie from the oil ot some oi its con- 
tained adrenalin into the surrounding lymph and the transfer of this neuro- 
humor thus through lymph and blood to the melanojihores in general. Phis 
ojK'ration is most effective immediately after an injection of oil and adrenalin 
has been made. When the general blanching h.^s begun to subside, as hapi)ens 
in a day or so, it gives way to normal darkening and the pale sjiol on the flank 
of the fish is the only blanched area that remains. The life of this s[X)t is 
apparently dependent upon the amount of adrenalin still in the oil. Enough 
of this neurohumor apj^ars to be present in the kind of injection here descril>ed 
to cause the spot to jjcrsist in some instances for as long as d weeks. 'Phis 
general explanation of the color changes thus artilici dly induced in ratfishes 
is consonant with the observations that with weaker concentrations of adren- 
alin in oil no general bl inching ap])ears but only pale spots are to be seen and 
further that the weaker the i oncentration of adrenalin the shorter the life of 
such a sj)ot. The oil ai)pears to serve as a reservoir for the adrenalin which 
may thus gradually escape into the surrounding tissues until this neuro- 
humor is exhausted. An injection of a strong, aqueous solution of adrenalin 
into a cattish will blinch the lish qiiickK and fully, but this res|)onse will last 
only a [lart of a day whereas a s])<»f formed b}' adrenalin in oil may |)ersist 
several veeks. This method of administering adrenalin has already found 
its place in medicine, for [ihysicaaiis who wish to extend the action of thi?» drug 
over long periods as in cases of asthma do so by injecting it hypodermically 
in oil. 

d. AcetykhoU)ic 

The acetylcholine used in these tests w'as the chloride, a white, finely crys- 
talline salt manufactured by the .Swiss firm of HolTmann-La Roche and Com- 
pany. It w^as kept hermeticalh' sealed in glass tubes, 0.1 gm. in a tube, and 
mixed with oil or water from day to day as needed. Although injections of 
extremel}’ dilute mixtures of acetylcholine in Ringer’s .solutions will darken 
cattishes (0.2 cc. of a mixture of one part acetylcholine in a thousand-million 
parts of solvent), this neurohumor in oil is similarly effective only in surprisingly 
concentrated states. Tnjectifins of 0.1 cc. of a mixture of acetylcholine and 
olive oil 1:1,000 or 1:10,000 hive little or no effect ui)on the melanophores 
of Ameiurus. Indubitable local darkening of this fish occurs only when the 
oil contains about 1 per cent of acetylcholine or better 5 per cent. In such a 
mixture much of the acetylcholine is in su.spension. As it reaches the surface 
of tiie oil after the mixture of oil and neurohumor has been injected it pre- 
sumably dis.solves freely in the surrounding watery fluid of the fish’s tissues. 
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This iluid is believed to be rich in cholinesterase which rapidly destroys the 
acelylcholme and thus prevents it from reaching the melanophores. Hence 
orfy very concentrated mixtures of acetylcholine in oil give out a sufficiency 
of Ais agent to survive long enough in the cholinesterase environment to reach 
and affect the color cells. The probable correctness of this view is seen from 
the fact that if a catfish that has received by injection oil containing S per cent 
acetylcholine is injected further with an appropriate amount of eserine by 
which the neurohumor may be protected from the destructive cholinesterase, 
the fish will quickly darken as a whole and soon die. Thus the acetylcholine 
stored and protected in the oil may spread without destruction to the melano- 
phores, darken the fish as a whole, and eventually poison it. It is interesting 
to note that when 0.1 cc. of even 1 per cent acetylcholine in oil is injected into 
a catfish a total amount of this agent is received by the fish sufficient to kill 
it outright. The oil, however, allows this lethal dose of acetylcholine to escape 
into the watery tissues of the fish only so slowly that the neurohumor is de- 
stroyed by the local cholinesterase before it can exert its deadly effect. Bio- 
logically the fish may be said thus to protect itself against a poison, 
acetylcholine, that is a product of its own tissues. 

When the dark spots produced on a catfish by the injection of 5 per cent 
acetyldioline in oil are examined under the microscope, their melanophore 
pigment is seen to be only about half dispersed. This is the characteristic 
response of <'atfish melanophores to acetylcholine. It is as well marked in the 
artificial type of stimulation as under normal conditions (Parker, 1941). 
Such dark spots, particularly if they have been induced by 5 per cent acetyl- 
choline in oil, will remain visible for 3 to 4 days, but they never show the length 
of life of the pale spots due to adrenalin in oil, some 3 to 4 weeks. 

4. Storage of Neurohumors in the Skin of the Catfish 

That acetylcholin can be actually stored for some days in the skin of a 
catfish may be inferred from the following experiment. 

As a preliminary step a drop of olive oil containing 5 per cent sf acef'\4cholme was 
injected into the flank of a catfish of intermediate tint. A quarter of an hour later 
well marked, small, dark areas were visible in the fish’s skin over the oil (Fig. 1). 
Half an hour after the first injection 0.2 cc. of adrenalin 1 : 100,000 of Ringer’s solu- 
tion was injected into the fish. This was soon followed by a general blanching of the 
fish including the small, dark areas. The next day, 20 hours after the initial injec- 
tion, the fish was palish and over the region of the oil faint but well marked, dark 
spots were to be seen again. A new injection of 0.2 cc. of adrenalin 1 : 100,000 of 
solvent was then made, whereupon in a short time the dark spots again disappeared 
and the whole fish was pale. Some 12 hours later the spots, now very faint, reap- 
peared, but in the course of the day they vanished of themselves. 
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Three fishes in all were tested in this way. One of them was in all essentials 
a duplicate of that just described. In the other the dark areas after having 
disapp>eared under adrenaline returned once but not a second time. Thus 
it is possible to obliterate the dark areas produced by acetylcholine in oil 
through the use of adrenalin as a hydrohumor and still have the dark areas 
return once or twice. Such a return points very clearly to a storage of acetyl- 
choline in the oil over the period during which the melanophore pigment is 
concentrated by adrenaline. 

The converse exp>eriment can be performed with adrenalin and intermedin. 
If a catfish of intermediate tint with a pale spot produced on it by a small 
amount of adrenalin 1:1,000 in oil is injected with intermedin, the whole fish 
will rapidly darken and the pale spot will disappear. After about a day and 
without further treatment the pale spot will return, showing that the adrenalin 
is still active and that it was only temporarily subdued. Apparently for a 
few hours after the injection of the intermedin the concentration of * this 
neurohumor about the melanophores of the pale spot was so great as to over- 
come the action of the adrenalin from the oil and thus to induce a temporary 
dispersion of the melanophore pigment. Finally, with the gradual disap- 
pearance of the intermedin the adrenalin reasserts itself and the pale spot 
reappears. Such an interplay with antagonism between neurohumors has 
already been pointed out and discussed in considering the color changes of the 
smooth dogfish Mustelus (Parker, 1937). 

In the catfish this type of alternating change in color where blanching from 
adrenalin in oil is temporarily obliterated by intermedin can be repeated a 
number of times. In one fish of intermediate tint in which a pale spot had 
been produced by the injection of 0.1 cc. of adrenalin 1 : 10,000 of oil this spot 
in the course of 3 days was made to disapp>ear by injections of aqueous inter- 
medin and then reappeared of itself no fewer than seven times. Such an 
instance demonstrates the great effectiveness of the protection given by the 
oil to the adrenalin and the considerable length of time over which this pro- 
tection may extend. 

Artificial protection of adrenalin by oil such as has been described supports 
the view that persistence of the pale phase shown in the first few darkenings 
of catfish previously kept blanched for a considerable time in a white en- 
vironment is due to a storage of the blanching agent, doubtless adrenalin, 
before its final disappearance. The gradual shortening of the pale periods may 
be taken as a measure of the exhaustion of this reserve of adrenalin. A similar 
type of response appears to be true of acetylcholine. 

It is well known that the nerve terminals for melanophores are not in the 
least like those of muscle fibers. In place of the one or at most a few nerve 
Ifiber branches to a muscle fiber scores of nerve terminals surround each melano- 
phore. Some of these must be concentrating, others dispersing. A number 
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of these terminals are applied to the melanophore but others end some distance 
from it. Such an arrangement agrees well with what has been said about 
melanophore activation. In those instances where a nerve terminal is in 
direct contact with a color cell the activating neurohumor may pass directly 
from the terminal to the cell, but in the others where the branches of the nerve 
fibers end at some distance from the cell the discharge of the ncurohumor may 
well be into the tissue lipoids from which the neurohumor may then pass by 
way of the pericellular lymph to the melanophore. This course is the one in 
which as a result of the interpolation of the lipoid stage neurohumoral storage 
may occur. Thus in this instance the conditions are present for inducing 
retardation in the first few responses in a melanophore which for a relatively 
long time has been held in a color phase opposite to that toward which it is 
moving. 

SUMMARY 

1. Adrenalin when mixed with olive oil 1:100 and injected subcutaneously 
into a catfish will produce a marked pale spot and a general blanching of the 
whole fish. The general blanching will disappear in about a day. The pale 
spot may last 3 to 4 weeks. 

2. Injections of adrenalin in oil 1:1000 to 1:10,000,000 cause the formation 
of only pale spots in catfishes. Adrenalin in oil 1 : 100,000,000 has no effect 
on the fish’s color. 

3. Acetylcholine, though ordinarily more powerful than adrenalin, when 
mixed with oil is effective only in high concentrations 1:20 to 1:100. It 
then produces clusters of moderately dark spots. 

4. The pale spot on a catfish due to adrenalin in oil may be temporarily 
obliterated by intermedin. It will return of itself, and this process may be 
repeated a number of times. The same is true of the dark spots produced by 
acetylcholine in oil when subjected to adrenalin. These observations indicate 
the subcutaneous storage of both adrenalin and acetylcholine in oil. 

5. In the natural color changes in catfishes the ner^^ous neurohumors, 
probably also adrenalin and acetylcholine, appear both lo^be stored in the 
fish’s lipoids and to serve thus as a means of lenghthening tne tinies of initial 
color responses till these stores of neurohumors are exhausted. 
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In a y)revious paper (ficrriott, 1937) evidence was presented to show that 
iodine reacts with the tyrosine of pepsin and causes inactivation of the enzyme. 
After complete iodination and inactivation over 80 per cent of the iodine was 
recovered as di-iodotyrosinc. Philpot and Small (1939) found that a small 
amount of iodine caused some inactivation of j)epsin without any measurable 
droj) in Folin’s colorimetric tyrosine test and suggested, therefore, that some 
group other than tyrosine was involved. In the present work small amounts 
of iodine were introduced into the pepsin molecule and 65 per cent of this iodine 
was subsequently identified as /-mono-iodotyrosine. No evidence was ob- 
tained for any other iodine comf)ound. The fact that mono-iodotyrosine has 
about 80 per cent of the molar color value of tyrosine instead of the 50 per cent 
of di-iodotyrosine explains the results of Philpot and Small. 

The iodinated f)epsin preparations were found to be fairly homogeneous as 
judged by a number of fractionation exjxjriments. Crystallization of the 
iodinated pepsin and a subsequent solubility experiment showed the material 
to be very dififerent from pepsin and to be relatively pure, l^he crystals were 
microscopically indistinguishable from those of pepsin. Electrophoresis failed 
to separate a mixture of pepsin and iodinated pejisin. 

Iodination of Pepsin 

Purified pey)sin solutions (for preparation see Experimental Methods) were 
mixed with dilute alcoholic solutions of free iodine or dilute iodine in KI at 
pH 5.0 6.0 and room temperature until the iodine disay^peared from solution. 
The iodine concentration had been adjusted so that there was a loss of only 
10 -20 per cent of the activity and no measurable change in the blue color value 
with Folin’s yjhenol reagent. Half the free iodine that had disapyicarcd from 
solution was found to be organically bound to the yjiotein which is just what 
one would exy)ect of a substitution reaction of iodine. Oxidation by iodine 
under these conditions is therefore imyjrobable. This iodinated peyisin con- 
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tamed about 0.7 per cent iodine or only 2 icnline atoms [)er molecule of ])epsin. 
This amount is only one-twentieth of the amount of iodine previously found 
necessary to completely inactivate and completely iodinate jjejisin. Iodide 



IiG. la. Crystalline /-mono-i<Klotyrosine from {(xlinated pepsin. 
b. C'lystalline di-iodotyrosine from iodinated |>ej>sin. 


ion was removed by dialysis or by washing the denatured protein precipitate on 
a funnel with m/ 100 sulfuric acid. 

Crystallization of Iodinated Pepsin 

Oystallization of iodinated i)epsin was carried out in mucli the same way as 
ff)r the original pepsin, i.e. precipitation by titrating to j)II 2.5; stirring the 
filter cake in one-half its volume of water at 35“ C. plus just enough n/2 sodium 
hydroxide to dissolve the solid, then stirring and cooling slowly. 
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J he resulting crystals were indistinguishable under the niicroscoj)e from 
ordinary pepsin crystals. Only one preparation was crystallized. No other 
attem|)ts were made since there was no indication of any change in properties 
by crystallization. 


Tests of Purity 

It was thought important to determine whether the iodinated jxipsin prepara- 
tions were reaction mixtures of several proteins of varying iodine content or if 
the material was fairly homogeneous. This would have some -bearing on the 
question as to the amount of icxlinc necessary to inactivate a pepsin molecule. 


I’ABLK I 

Fractionation Experiments 




1 


Siiniplr 

No 

Matfrials ami PnKcdurc- 

S^E 1 

' 

Iodine 


1 


per cent 

1 

! Origiiuil pepsin 

0.32 


2 

' No. 1 after inclination* 

0.23 

1.4 

3 

1 A fraction of No. 2 insoluble in 0.5 sat. MgSOi 0.05 m pll 




4 6 acetate bulTer 

0 22 


4 

1 First crsstals of No. 2 

0.23 

1.4 

5 

Mother liquor from first crystals 

0.22 

1.3 

() 

: I'raction of No. 4 soluble in 0.25 .m Na 2 S 04 pi I 4.0 

0.21 

1.45 

7 

1 Fraction of No. 4 that did not dissolve in aliquot of 0.25 m 




Na 2 S() 4 - 1)11 4.0 used in No. 6 

' 0.21 

1.0 


* More iodine uas added to this particular preparation than to the others which accounts 
for its higher iodine content and lower specific activity x. 


Iodinated pepsin j)reparations were therefore subjected to various fractionating 
tests and the various fractions analyzed. 

It is apparent from the results in Table I and Fig. 3 that the preparations are 
relatively homogeneous and do not consist of an inactive K- linated protein 
mixed with some of the original pepsin. It is likely then that the iodine dis- 
tributes itself fairly evenly among all the protein molecules. 

El extra phoresis . — Electrophoresis of a solution of the crystalline iodinated 
pepsin in the Tiselius cell (kindly analyzed by Dr. Alexandre Rothen) at pH 4.4 
revealed that there was only one moving boundary. However, when this same 
material was mixed with equal amounts of j)ure pepsin the mixture also showed 
only a single sharp boundary both before reversing the current and afterwanis 
(Fig. 2). This w’as done at only one pH and it is ]>ossible that at some other 
pH they could be separated. 44ie mobilities were as follows: for the ascending 




Fig. 2. Electrophoresis patterns of an artificial mixture of pepsin and iodinated pepsin at pH 4.4; specific conductivity 0.00069 
reciprocal ohms, a and b are the ascending and descending boundaries after 2460 seconds; c and d are the ascending and de- 
scending boundaries after reversing the direction of the current and running for 2640 seconds. 
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boundary of the iodinated pepsin 8.1 X 10~* and the desrenHing boundary 
7.8 X 10^. In the mixture of iodinated pepsin and pepsin the agr«»nding 
boundary was 7.8 X 10^ while the descending boundary was 7.5 X 1(H, all 
values being expressed in cm.Vvolt/sec. 

Solubility Curve. — \ solubility ciuve of the crystalline pepsin is shown in 
Fig. 3. In the solvent used, 0.25 k sodiuni sulfate pH 4.0, crystalline pepsin 
is at least 20 times as soluble as the crystals of iodinated pepsin. The two pro- 
teins can therefore easily be distinguished. The curve in Fig. 3 is not that of an 
ideal substance but it shows no great degree of inhomogeneily. The points 
marked O and □ are values determined and calculated when some pepsin was 
added to the solvent before adding the cr 3 rstalline iodinated pepsin. The value 
□ was expected only if the solubilities of the two proteins were independent of 
each other; i.e., th^ form a mixture. Since the value fell considerably below 


0.4r 

3 0.3F 
£ 

0.!lh 


Q-^/ktue expected if soluhilities were additive. 

^•Found when o.tj mg PepsinN added to the 
solvent before iodo Pepsin. 

^ — "" 


A 0.1 




I 1 I i i I 


J L 

2.0 


2.5 


0.2 0.4 0.6 0.8 1.0 

Mg. svLsp. Pl^znl . 

Fig. 3. Solubility of crystals of iodinated pepsin in 0.25 m Na 2 S 04 pH 4.0 at 23®C. 


the expected, it may be concluded that the iodinated pepsin forms solid solu- 
tions with ordinary pepsin. 

The solubility of iodinated pepsin will probably decrease as more iodine is 
introduced into the molecule. 

Isolation of l-Mono-Iodotyrosine from Iodinated Pepsin 

The experimental procedure for the isolation of pepsin and subsequent isola- 
tion of Z-mono-iodot)rrosine is shown in Table II. Fig. 1 a shows the ap- 
pearance of the crystalline 1-mono-iodotyrosine. In one preparation a small 
amount of di-iodotyrosine was also crystallized out (Fig. 1 b). 

As may be seen in Table II, solution No. 13, contains 65 per cent of the 
original iodine. This was successively extracted with butyl alcohol until over 
80 per cent of the total iodine had been extracted. The fraction extracted by 
each aliquot of butyl alcohol was reasonably constant over the whole range as 
may be seen in Fig. 4. Under similar conditions the fraction of di-iodotyrosine 
extracted is 50 per cent instead of the 20 per cent, as shown in Fig. 4. It could 




TABLE n 

IsciaHon of l-MonthTyrosino from lodinatod Pepsin 


Materials and procedures 


Dialyzed purified pepsin solution, pH 

5.3 

No. 1 + (20inl.4MNaActopH 5.7 + 
5.5 ml. n/ 1 alcoholic iodine) slowly at 
15®C. Allowed to stand until color- 
less. The specific activity had 

dropped 11 per cent 

No. 2 + 5 ml. 5 n NaOH to pH 7.0, 
warmed to 60®C. for 5 min. then + 50 
ml. 5 N H 2 SO 4 and filtered and washed 
twice with 100 ml. of m/100 H 2 SO 4 . 
Residue dissolved in NaOH + H 2 O. . 
No. 3 + 200 gm. Ba(OH )2 diystals and 
refiuxed 20 hrs., then cooled and left 
50 hrs. at 5®C. Filtered and residue 

washed. Filtrate 

No. 4 heated to 90®C. then + 1 15 ml. 5 N 
H 2 SO 4 with stirring to pH 3.5 and 
aerated for 1 hr. to remove H 2 S. 200 
ml. m/1 PbAc 2 added and solution 
filtered and residue washed three times 
with 80 ml. each of n/ 10 acetic acid. 

Filtrate and washings 

No. 5 + 85 ml. 5 N NaOH pH 8.5; let 
stand, filter, and wash on funnel. 

Filtrate and w’ashings 

Precipitate 

No. 6P stirred with dilute acetic acid to 
pH 4.0, then + HCl to pH 2.0, filter. 
Filtrate diluted to 1 liter; precipitate 
appeared which was filtered off and 
di^arded. Filtrate (pH 4.3). Ti- 
trated to pH 8.0 and filtered. 

Filtrate 

Precipitate 

No. 7P + dilute acetic acid to pH 4.0. 
Filtered. 

Filtrate 

Precipitate 

No. 8P + HCl to dissolve, then + NaAc 

to pH 4.0; filter. Filtrate 

No. 8F + alkali to pH 8.0, filter and 
wash residue. Filtrate + washings. . . 

Precipitate 

^o. lOP + H 2 SO 4 to pH 3.0, filtered 
and washed with H 2 O. 

Filtrate + washings 

Precipitate 


No. 

Vol. 

Total 

Total 

Phenol* 

It 

Phenol t 

N 

I 

I 

N 

N 


ml. 

mg. 

mg. 




1 

1075 

5700 





2 

1100 



% 



3 

500 

5650 

300 




4 

650 


310 




5 

i 

1300 


307 




6F 
6P 1 

1400 


56 




7F 

7P 

1000 


16 




8F 

8P 







9F 

50 

4.5 

24 

1.15 

5.3 

6.2 

lOF 

lOP 

500 


10 




IIF 

IIP 

85 

23.5 

150 

1.4 

6.5 

9.1 


ion 








TABLE U-^ConUnued 


Materials and procedures 

No. 

Vol. 

ToUl 



It 

Phenol t 

N 

1 

I 

N 

N 



ml. 

mg. 

mg. 




No. IIP ground in mortar with n /20 








HsS 04 , filtered. Filtrate 

12 

42 

7.1 

29 

1.6 

4.0 

6.2 

No. 9F + No. IIF + No. 12 con- 

centrated in vacuo 

13 

84 

33.5 

193 

1.5 

5 . 75 

8.8 

No. 13 diluted to 100 ml. with dilute 

H 2 SO 4 , pH 2.5 then + 50 ml. butyl 
alcohol saturated with water and 
shaken 3 min. in separatory funnel. 
Separate. Butyl alcohol layer 

14A 

38.5 


49 

1.6 

6.6 

10.5 



Water layer 

14W 

111.0 


145 




No. 14W + 38 ml. butyl alcohol satu- 





rated with H 2 O, shaken, and separated. 

15A 

38 


39 





15W 

111 


106 




No. 15 W -h 38 ml. butyl alcohol satu- 








rated with H 2 O, shaken, and separated. 

16A 

38 


23 1 





16W 

110 

1 

83 




No. 16W -f 38 ml. butyl alcohol satu- 








rated with H 2 O, shaken , and separated. 

17A 

38 


17.5 

1.2 

7.4 

8.9 


17W 

108 


66 




No. 17W -h 38 ml. butyl alcohol satu- 








rated with H 2 O, shaken, and separated. 

18A 

38 


13.7 





18W 

104 


52 




No. 18W -f 38 ml. butyl alcohol satu- 








rated with H 2 O, shaken, and separated. 

19A 

39 


10 





19W 

103 


43 




No. 19W 4" 38 ml. butyl alcohol satu- 








rated with H 2 O, shaken, and separated. 

20A 

39 







20W 

102 






No. 20W + 38 ml. butyl alcohol satu- 








rated with H 2 O, shaken, and separated. 

21A 

39 


6.8 

1.5 

6.8 

10.0 


21W 

101 


28.6 

2.7 

2.1 

5.7 

All of the butyl alcohol solutions from 








14A-21A collected and evaporated in 
vacuo to 50 ml. This was then ex- 
tracted with 25 ml. saturated 
Ba(OH }2 solution -f 25 ml. water. 
Alkali water layer 

22 

48 


^0 




No. 22 -f- H 2 SO 4 to pH 3.0, filter and 






wash residue; evaporate to 10 ml. then 
-f 5 N NaOH to pH 3.5, let stand at 
5®C.; a small browm precipitate came 
out, was centrifuged off, and dis- 
carded. Titrate supernatant to pH 
5.7 and let stand. Rosettes of 
diamond-shaped platelets appeared. 
Place in shallow dish and evaporate 
to 2.3 ml., cool, filter. 

ITiltrnf A ^ wnahinflrA 

23F 

1.5 


22.5 


! 


A lAC&Akw Yt c»oa*aia^g ■ .•••••••••••••• 







Crystalline precipitate 

23P 
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TABLE 11-^oncluded 


Materials and procedures 

No. 

Vol. 

Total 

N 

Total 

1 


It 

N 

Phenol t 

N 



mi. 

Mg. 

mg. 




No. 23P dissolved 

24 

12.5 

9 

88 

1.0 

10.0 

9.6 

No. 21W -4“ various residues + 








washings 

25 

22 


57 




No. 25 extracted twice with 50 ml. 








butyl alcohol 

26A 

115 

• 

55 





26W 

15 


2 




No. 26A extracted with Ba(OH) 2 ; acidify 








water layer with H 2 SO 4 , centrifuge; 








supernatant + 23F evaporated down. 








Diamond platelets again formed; 








Filter and wash residue once. 








Filtrate 

27F 

5.5 


25 

2.7 

2.8 

7.6 

Ciystals dissolved 

28P 

9.3 


37 

1.8 

6 

10.8 

No. 24 + No. 28P 

29 



125 




No. 29 recrystallized. 








Crystals dissolved 

30P 

9 

10 

100 

1.13 

9 

10 

Mother liquor 

30F 

6.5 

8 

30 

1.9 

4.1 

7.7 


* This ratio is number of milligrams of tyrosine that give the equivalent color with Folin’s 
phenol reagent divided by the number of milligrams of iodine. 

t This ratio is the number of milligrams of iodine of a sample divided by the number of 
milligrams of nitrogen. 

{ This ratio is the same equivalent color as in the first footnote (*) but divided by the 
number of milligrams of nitrogen. 

be concluded from this distribution experiment, therefore, that the iodine-con- 
taining component was probably not di-iodotyrosine and that the component 
was fairly homogeneous with respect to iodine; i.e., there was only one iodine 
component. It should be pointed out that the analyses of the fraction in the 
first butyl alcohol extract, 14A of Table II, are practically the same as the 
analyses of the last extract, 21 A. This is additional evidence regarding the 
homogeneity of this material. In Fig. 4 the ordinate scale spacing is log- 
arithmic. 

Although only 42 per cent of the original iodine was obtained as crystalline 
mono-iodot)n*osine, the distribution or extraction experiment makes it highly 
probably that over 65 per cent of the original iodine was present as iodinated 
tyrosine. 

The details of the distribution experiment are given in Table II but a few comments 
are appropriate. Butyl alcohol and water have an appreciable solubility in each 
other. Therefore for constancy of volume it is necessary to saturate each with the 
ether. In Table 11, No. 14 of the water solution was not initially saturated with 
butyl alcohol but after the first extraction with 50 ml. of butyl alcohol the butyl 
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alcohol volume decreased to 38 ml. and the difference was the volume of butyl alcohol 
necessary to saturate the water layer. To simplify the problem, therefore, in the 
second and succeeding extractions 38 ml. of butyl alcohol saturated with water was 
used. By doing this the volumes remained constant. 



Fig. 4. Distribution of iodine components between butyl alcohol and water at pH 
3.0 and 25®C. on successive extractions. 


Identification and Properties of UMono-Iodotyrosine 

Mono-iodotyrosine was isolated only recently by Ludwig and Mutzenbecher 
(1939) from iodinated casein. They measured very few properties but state 
that, as compared to di-iodotyrosine the mono- derivative had the same crys- 
talline appearance, was more soluble in water, had the same melting point, and, 
of course, differed primarily in its iodine content.. 

Table III shows the results we have obtained compared to those of di- 
iodotyrosine. On one occasion the mono- derivative crystallized out with 
rounded edges appearing somewhat like the whetstones of di-iodotyrosine but 
most of the time they appeared as sharply formed diamond platelets as shown 
in Fig. \ a ox rosettes of these platelets. 

The iodine and nitrogen values obtained are slightly different from those re- 
ported by Ludwig and Mutzenbecher but they found one molecule of water of 
crystallization in their product. Since our product was dried at 70°C. in vacuo 
this water was presumably driven off, thus accounting ^or the discrepancy. 
Our values agree quite closely to the theoretical percentages ol an anhydrous 
material. 

In view of the fact that Ludwig and Mutzenbecher had also obtained thy- 
roxine from iodinated casein it was thought that possibly our crystalline iodine 
derivative might be related to thyroxine perhaps as an ether of one molecule of 
ordinary tyrosine and one of di-iodotyrosine. Such a compound would yield 
elementary analyses close to those of mono-iodotyrosine. However, a molecu- 
lar weight determination by the Barger vapor pressure method (1904) using 
formic acid as the solvent and di-iodotyrosine as the standard showed the 
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compound to have a molecular weight in the neighborhood of 300 which rules 
out the ether possibility. 

The monoiodo derivative gives a strong Millon’s reaction so that one should 
be careful of concluding that tyrosine has not been iodinated merely from a 
positive Millon reaction even though carried out quantitatively. 

TABLE in 


Properties of Crystalline l-Mono-Iodotyrosine Compared to Di-Iodotyrosine 


Property 

Monoiodo- 

Diiodo- 

Cr 3 ^talline form 

diamond platelets 

whetstones or needles 

[a]D in 4 per cent HCl at 22®C 

-8.8 

-2.9* 

Solubility in water in mg./ml 

4 

0.8 

Melting or decomposition point 

201®C. corrected 

195®C. corrected 

Phenol color value/iodine, ratiof 

1.1 

0.3 

Phenol color value/nitrogen, ratiof 

10.0 

6.2 

lodine/nitrogen , ratiof 

9.0 

18.0 

Reaction to Millon’s reagent 

Nitrous acid color test for ortho-iodo- 

+ 

— 

benzene derivativesf 

+ 

+ 

Per cent iodine 

42.0 found§ 

41.5 calculated 


Per cent nitrogen 

* Value from Abderhalden (1923) 

4.5 found§ 

4.55 calculated 



t These ratios arc explained in the footnotes of Table II 
t Kendall and Osterberg (1919) 

§ The sample used for these analyses was dried 15 hours at 70®C. in vacuo. 

EXPERIBfENTAL METHODS 

The extraction procedure consists of agitation by hand in a separatory funnel for 
3 minutes at room temperature after which the solutions are allowed to separate and 
each layer drawn off and analyzed for total iodine. The pH of the water solution was 
adjusted at the start to between pH 2.3 and pH 3.3 with sulfuric acid. 

Preparation of Pepsin. — The pepsin used through out this work was prepared 
according to Table VI of a previous publication (Herriott, Desreux, and Northrop, 
1940). The protein in the filtrate No. 4 of that table was precipitated by addition of 
250 gm. of solid MgS 04 • 7 H 2 O for every liter of filtrate. The precipitate was filtered 
off and dialyzed in cellophane bags against tap water overnight. 

Determination of Nitrogen. — This estimation was described by Northrop and Kunitz 
(1932). Instead of distilling into hydrochloric acid as previously done, a 4 per cent 
boric acid solution with brom cresol green indicator is used. Only one titration is 
required and this is with n/ 70 hydrochloric acid. This change was brought to the 
writer^s attention by Dr. Bacon F. Chow. 

j, Determination of Iodine. — modification of the method of Kendall, as previously 
described by Herriott (1937) was used. 
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DetertmMoUon cf Phenol Color. — 1 ml. of a solution of material whidi would yield 
about the same intensity of blue color as O.IS mg. of tyroane was put into a 50 ml. 
Erlenmcyet flask; 8 ml. of O.S n sodium hydroxide was added, followed by 3 ml. of a 
1/3 diluii<’ of Folin's phenol reagent prepared according to Folin and Cio<alteu 
(1927) 1 ' ‘ phenol reagent was added dropwise with stirring and the color read 

after 1(» minutes against a tyrosine standard treated in the same way or a caUbrat^ 
blue glass. When the unknown contains a high concentration of buflering material 
more alkali is required. 

Pepiic Activity Measuremenls. — ^The hemo^obin activity method was that oi 
Anscin (l‘H8). The rennet activity method was that of Herriott (1938). 

Uy Methods . — This has been discussed in detail by Herriott, Desreuz, and 
Northn*** (1940). 


SUMMARY 


1. Pepsin solutions were iodinated at pH S.O-d.O until 10-20 per cent of the 
activity was lost and 1/20 (0.7 per cent) of the saturating amount of iodine had 
been introduced into the protein molecule, .\fter alkaline hydrolysis 65 per 
cent of the origmal iodine was accounted for as mono-iodotyrosine although 
only 42 per cent was isolated as a crystalline product. No evidence was ob- 
tained to support the possibility that any group other than tyrosine in pepsin 
was iodinated. 

2. Some of the properties of the crystalline l-mono-iodotyrosine were 
determined and compared to those of di-iodotyrosine. 

3. One iodinated pepsin preparation was crystallized. The crystal form was 
the game as that of the original pepsin. A solubility curve of the crystals 
demonstrated that it was very different from pepsin and had nearly constant 
solubility. 


REFERENCES 

Abderhalden, E., Arch. ges. Physiol., 1923, 201, 432. 

Anson, M. L., /. Gen. PAyrwl., 1938, 22, 79. „ -a u r i09i 

Barger, G., /. Chem. Soc., 1904, 86, 286; see also Rast, K., Ber. chem. Ges., 1921, 
64 B, 1979. 

Folin, O., and Ciocalteu, V., J. Biol. Chem., 1927, 73, 627. 

Herriott, R. M., J. Gen. Physiol., 1937, 20, 335. 

Herriott, R. M., /. Gen. Pkyswl., 1938, 21, 501. • , ioao oa -Jit 

Herriott, R. M., Desreux, V., and Northrop, J. H., J. Gen. Physwl., 1940, 24, 21 . 
Kendall, E. C., and Osterberg, A. E., J. Biol. Chem., 

Ludwig, W., and Mutzenbecher, P., Z. phystol. Chem., 1939, 2W, 195. 

Northrop, J. H., and Kunitz, M., J. Gen. Physwl., 1932, 16, 313 
PhUpot, J. St. L., and SmaU, P. A., Biochem. J., London, 1939, 33, 1727. 




THE OCCURRENCE AND DISTRIBUTION OF ATROPINESTERASE, 
AND THE SPECIFICITY OF TROPINESTERASES* 

By DAVID CLICK and SUSI GLAUBACH 
(From the Laboratories of the Newark Beth Israel Hospital^ Newark) 

(Received for publication, June 12, 1941) 

The term “tropine esterase” was first employed in a previous communication 
(1) for convenience in designating the enzyme effecting the hydrolysis of atro- 
pine and related structures. The contracted form, tropinesterase, will be used 
henceforth since it has become customary to employ the analogous contraction, 
cholinesterase. In the present investigation, which includes a study of a 
variety of tropine esters, the possibility has arisen that the tropinesterase acting 
on one of the compounds may not be the same as that effective on another. In 
a case of this nature, when there is reason to emphasize the particular substrate 
being affected, more explanatory terms such as atropinesterase or cocainesterase 
will be employed in a manner similar to the use of the long established terms, 
methylbutyrase or tributyrinase. It now appears that the term, atropin- 
esterase, rather than the more general, tropinesterase, would have been more 
appropriate in the previous paper (1) which was concerned exclusively with 
atropine hydrolysis. 

In the previous study the effects of enzyme and substrate concentrations, 
pH, and temperature were investigated with regard to the enzymatic hydrolysis 
of atropine by rabbit serum. This work has been extended in the present paper 
to include the occurrence and distribution of atropinesterase in the rabbit, the 
scission of atropine and homatropine by the serum and liver of the guinea pig 
and frog, the effect of fresh egg white and yolk upon atropine, and the speci- 
ficity of tropinesterases. 


EXPERIMENTAL 

The measurements of enzyme activity were carried out by the manometric method 
employing the Warburg apparatus in a manner essentially the same as that already 
described (1). Corrections for non-enz)nnatic hydrolysis were made in the usual 
fashion. As employed in the present study, the tropinesterase unit may be defined 
as the quantity of enzyme required to liberate 1 c.mm. CO* in 300 minutes at 30® 
in a total volume of 4 ml. in the bicarbonate-Ringer medium containing a concentra- 
tion of substrate sufficient to achieve the maximum rate of hydrol 3 rsis. For studies 
of atropine splitting a final concentration of 0.25 per cent atropine sulfate was used, 

* Aided by a grant from the Sidney C. Keller Research Fund. 
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except in the specificity studies. The tropmesterase value, employed to express the 
enz3ane concentration, is defined as the number of units per 100 mg. of material. 

Readings of the manometers were taken every 30 minutes and the hydrolytic rate 
was obtained from the slope of the line representing the COs-liberation: time rela- 
etionship. In cases where the gas evolution proceeded at an initially accelerated rate 



^ Fig. 1. Hydrolysis of atropine and homatropine by guinea pig liver. 

(X) Control experiment with liver alone. 

(A) Control experiment with atropine alone. 

(*) Control experiment with homatropine alone. 

(0) Action of liver on atropine (corrected for non-enzymatic hydrolysis). 

(O) Action of liver on homatropine (corrected for non-enzymatic hydrolysis). 
Broken lines are extrapolations of linear portions of curves. Half the usual volume 
of all constituents used (2 ml. total volume). 

before attaining linear proportions, as in the instance of the non-enzymatic hydrolysis 
of atropine and homatropine (Fig. 1), only the linear portion of the curve was em- 
ployed to determine hydrolytic rate. However, each point in the non-enzymatic 
curves, whether or not it fell in the linear portion, was subtracted from the correspond- 
ing value for total hydrolysis in order to obtain the enzymatic gas liberation. 

, For the specificity studies, 1 per cent substrate concentrations were found to be 
sufladent to insure maximum hydrolytic velocities in all cases despite the differences 
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in the molecular weights of the esters tested. All substrates were used in the iorm 
of their salts, and were products of Merck & Co. with the exception of novatropine 
which was obtained from Campbell Products, Inc. 

The cholinesterase measurements were carried out in a manner similar to that 
used for tropinesterase; a final substrate concentration of 0.375 per cent acetylcholine 
chloride was employed unless otherwise stated, and readings were taken every 10 
minutes during a total reaction period of 60 minutes. To obtain values comparable 
with those for tropinesterases the 60 minute values were extrapolated to 300 minutes. 

Tissue extracts for enzyme study were prepared by grinding the, material with 
cleaned and ignited sand, adding bicarbonate-Ringer solution until a final volume 
of 10 ml. for each gram of tissue was obtained, and centrifuging the suspension. The 
supernatant fluid was decanted and used. 

For the investigation of tropinesterase distribution in the cells and serum of de- 
fibrinated blood, 10 ml. portions of the latter were centrifuged yielding 6 ml. of serum 
and 4 ml. of cells in each case. In order to obtain comparable data, the 6 ml. of 
serum were diluted to 10 ml. with distilled water, and the cells, after being washed 
twice with physiological saline solution, which was discarded each time after centri- 
fuging, were also made up to 10 ml. with distilled water. The serum and cell solu- 
tions were further diluted 10 times with water before use; the whole defibrinated 
blood was also diluted 10 times with water before use. Water was employed for 
dilution to hemolyze the cells. 


RESULTS 

The examination of the sera of sixty-eight rabbits chosen at random revealed 
that only nineteen were enzymatically active in the hydrolysis of atropine. 
The atropinesterase values obtained varied from 51 to 270, average 107. Both 
active and inactive sera were obtained from animals during all seasons of the 
year, from the albino variety as well as those of various colors, from animals of 
both sexes, and all ages and weights. There was no correlation between the 
atropinesterase and cholinesterase values. All of the rabbits possessed cholin- 
esterase activity, and the values for the sera of fifteen animals, which also con- 
tained atropinesterase, varied from 140 to 300, average 205 ; those from thirty- 
three animals devoid of atropinesterase fell between 110 and 290, average 210. 

Mixing a serum containing atropinesterase with an equtl voii.me of serum 
devoid of activity was found to have no influence on the enzyme in the former. 
Thus, 98 enzyme units were found in 0.1 ml. of active serum, and 97 units in 
0.2 ml. of the mixture. 

The distribution of atropinesterase in defibrinated blood from rabbits pos- 
sessing activity is given in Table I. Practically all of the activity can be as- 
signed to the serum, the difference in the number of enzyme units in blood and 
serum being due to loss in separation of the cells. 

The atropinesterase values of the organs of rabbits containing the enzyme are 
given in Table II. It was found that the animals without the en^e in their 
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sera were also without demonstrable activity in the extracts of any of the organs 
hsted in the table. 

In the case of the frog material, three samples of sera, each from the pooled 
blood of five animals, showed no activity with respect to the splitting of either 


TABLE I 

Atropine Hydrolysis by Defibrinatfid Rabbit Blood 


Rabbit No. 

Atropinetterase units per 0.1 ml. blood 

Hemolyzed blood 

Serum 

Hemolyxed red cells 

A 

55 

51 

0 

B 

40 

34 

0 

C 

140 

no 

0 


TABLE n 

Hydrolysis of Atropine by Rabbit Organs and Fluids 


Organ or fluid 

Rabbit No. 

12 

82 

84* 

119 

1942 

1073 

Atropinesterase values 

Liver 

72 

92 

220t 



■■■ 

Intestinal mucosa 

24 

55 

117 




Heart auricle 

10 

36 

54 




Heart ventricle 

17 

30 

41 




Kidn^ 

11 

33 

39 




Spleen 

6 

17 





Adrenal 

9 

12 



18 


Laoymal gland 

5 

27 

36 




Gastrocnemius muscle. . . 

3 

7 

10 




Brain 

0 

0 

6 

0 



Aqueous humor 




0 

0 


Iris 


17 

46 


14 


Serum 

94 

124 

270 

78 

77 

57 


♦Liver infected with coccidiosis. 




fPortion free from infection used. 



Highly infected area had a value of 82. 



atropine or homatropine, but the livers of these animals were active on both 
substrates. The tropinesterase values in a typical experiment, in which the 
enzyme material was obtained from the pooled livers of five animals, were 70 
and 115 for the hydrolysis of atropine and homatropine respectively. 

The serum of the guinea pig was also found to exhibit no activity on either 
atropine or homatropine. The liver actively splits the latter, but has no action 
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TABLE m 

Hydrolysis of Tropine Esters 


Structure 

Name 

i||i 

m 


1 



(1 per cent substn 

ite) 



Horae 

Rabbit 

I 

Rabbit 

II 


"CHi CH CH, 

NCH, (!:hococh<^ y 
— <!h — 1:h, dsiiOH 

H,S 04 

, 

Atropine 
sulfate (dl- 
hyoscy- 
amine) 

0 

96 

0 

10 

CHt CH CH, 

1 *SilcH, (!:hococh/ S 

1 b/i I 1 \ / 

CH. CH CHt CBW)H 

1-Hyoscyamine 

hydrobio- 

mide 

0 

115 

0 

10 

CH, CH CH, 

1 *SJicH, <!:hococh/ S 

1 b/| I 1 ^ — / 

CH, CH CH, OH 

Homatropine 

hydro- 

bromide 

0 

64 

0 

33 

CH, CH CH, 






1 1 1 

/N(CH,), CHOCOCH<^ ^ 

Novatropine 

0 

14 

0 

40 

ai,^l:H— in, in 






CH, CH CHCOOCH, 

CH, inoccK^ 

CH, CH CH, 

Cocaine 

hydro- 

cUoride 

0 

50 

34 

148 

CH, CH CH, 

1 **>NCH, j:HOCO<( y 

— in. 

Tropacocaine 

hydro- 

chloride 

146 

> 

11 

15 

12 

CH CH CH, 

o'^l ^lIlCH, CHOCOCH<^ ^ 

• '^CH^^^H <!:H, CHiOH 

Scopolamine 

hydro- 

bromide 

0 

72 

0 

9 

(CH,),N(a)CHCHW)COCH, 

Acetylcholine 

chloride* 

1510 

150 

170 

130 


* 0.375 per cent substrate. 

on the former as illustrated in Fig. 1. It is noteworthy that the liberation of 
COs in the control vessel containing only liver extract in bicarbonate-Ringer 
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solution was negligible, while that in the substrate control vessels was ap- 
preciable, especially during the first 2 hours. 

Fresh egg white and yolk were tested separately for atropine-hydrolyzing 
properties in several instances, and in no case could enzyme action be detected 
over the experimental period of 360 minutes. 

The results of specificity studies are apparent from Tables III and IV. 


TABLE IV 

Comparison of the Hydrolysis of Certain Esters by Rabbit Serum and Cdls J 'xpressed in 

Enzyme Units 


Eniyme material from 0.1 ml. 
defibrinated blood 

Substrate 

Atropine 

Tropacocainc 

Cocaine 

1 Acetylcholine 

Serum 

102 1 

20 

46 

100 

Hemol 3 ^zed cells 

0 j 

0 

0 , 

125 





DISCUSSION 

It has been known for some time that not all rabbits possess a factor in their 
blood capable of destroying atropine (2, 3). Metzner and fledinger (4) found 
that the weight and age of the rabbit were unrelated to the occurrence of the 
atropine-destroying factor. Sternberg (5) claimed that the degree of activity 
of the sera varied with the season, a maximum being reached in December. In 
the present communication no correlation could be found between the incidence 
of atropinesterase and any of the animal characteristics observed. Bernheim 
and Bernheim (6) observed that approximately two out of every three rabbits 
examined possessed atropinesterase activity, while in the group of sixty-eight 
rabbits reported in this paper the proportion was more nearly one out of four. 

The possibility that the animals devoid of activity possess an inhibiting sub- 
stance that interferes with the enzyme action has been considered, but it ap- 
pears unlikely from the fact that a mixture of active and inactive sera contains 
an activity essentially equal to that of the potent material alone. 

It is striking that serum is the richest source of atropinesterase in the rabbit 
body (Table II). Certain organs such as the lacrymal gland which are un- 
usually rich in cholinesterase (7) contain low concentrations of atropinesterase. 
The auricle which is about three times as rich as the ventricle in the former 
enzyme (8), contains approximately the same concentration of the latter. A 
further difference in the distribution of the two enzymes may be seen from the 
fact that atropinesterase could not be demonstrated in the blood cells (Table 
I) while these are rich in cholinesterase (Table IV). The lack of the enzyme in 
rabbit erythrocytes has been reported by previous investigators employing 
other methods for the determination of enzyme activity (3, 9, 10). 
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The absence of atropinesterase in the aqueous humor, and the low activity of 
iris tissue, would seem to be in accord with the fact that the pupil dilation re- 
sulting from dropping atropine into the eye persists for days. In this connec- 
tion it should be pointed out that since homatropine is effective in the eye for a 
much shorter period than atropine, one might expect it to be destroyed faster 
in vivo. However, the aqueous humor of a rabbit having no atropinesterase 
was also found to have no effect on homatropine, and the iris of rabbit No. 
1942 (Table II), which had an atropinesterase value of 14 was found to have 
the same activity on homatropine. It should be kept in mind that the greater 
non-enzymatic hydrolysis of homatropine (Table III) may be a significant 
factor. 

Since the serum of rabbits is richer in atropinesterase than liver, it is sur- 
prising that certain species, such as frog (11-13), guinea pig, rat, cat, and dog 
(6), have no activity in their serum but do in their liver. Though confirmation 
of these findings has been obtained in the case of frog, and for guinea pig with 
respect to serum, it was observed that although liver extract could hydrolyze 
homatropine, it had no action on atropine (Fig. 1). Bernheim and Bemheim 
(6) reported liver hydrolysis of both substrates, but their data were not cor- 
rected for non-enzymatic substrate hydrolysis. It has been the experience of 
the authors that occasionally the corrected liver-atropine curve exhibits a small 
rise which flattens out after 1 or 2 hours and continues in the horizontal. It is 
extremely doubtful that these initial rises are significant of atropinesterase 
action since it has been shown that this enzyme is characterized by a linear rise 
of the hydrolysis-time curve to about 90 per cent of complete scission (1). 
The hydrolysis of homatropine, but not atropine, by guinea pig liver raises 
the question of whether there is a homatropinesterase distinct from atropin- 
esterase. 

Prior to the work of Bernheim and Bernheim (6), investigations of the enzy- 
matic destruction of atropine were based on the measurement of the disappear- 
ance of free atropine rather than on determination of an end-product. Thus 
it has been claimed that fresh egg white destroys atropine (10, 14), but the dis- 
appearance of the drug in the presence of the protein caqnot be ascribed to 
hydrolysis as shown in the present study. 

From Table III it is apparent that rabbit serum I is capable of hydrolyzing 
all of the tropine esters studied. With the exception of cocaine and tropa- 
cocaine, it may be seen that both horse serum and rabbit serum II have no 
effect on these esters. It would appear from the data in the table that /-hy- 
oscyamine is hydrolyzed more rapidly than atropine in accordance with pre- 
vious work (6, 14). However, homatropine, with the hydroxyl group closer to 
the ester linkage than in atropine, is split more slowly than the latter, while 
scopolamine is hydrolyzed at an intermediate rate. The last results are not in 
accord with those of Bernheim and Bernheim (6) who reported that homatro- 
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pine is hydrolyzed more rapidly than atropine, and scopolamine is usually not 
attacked. The introduction of another methyl group into the pentavalent 
nitrogen radical of homatropine results in a marked drop in enzymatic hy- 
drolysis as demonstrated in the case of novatropine. 

It has been found by separate control experiments that whether the alkaloid 
is in the form of the sulfate, bromide, or chloride has no effect on the enqonatic 
action. The influence of various ions on atropinesterase is being made the 
subject of another study. 

Cocaine is a di-ester in which the tropine portion of the molecule is on the 
acid side of one ester and on the alcohol side of the other. From a variety of 
structures previously studied it was found the presence of a nitrogen group in 
the acid side of an ester prevents enzymatic scission (15, 16). If the analogy 
applies to the present case one would expect only the benzoyl ester linkage to be 
attacked, but one cannot be sure that both groups are not subject to enzyme 
action, especially when it is seen that rabbit serum II can hydrolyze the com- 
pound. Since horse serum has no effect, and rabbit serum II contains no 
atropinesterase, the possibility arises that the cocainesterase in the latter serum 
may be an enzyme distinct from cholinesterase or atropinesterase. 

The small structural variation between tropacocaine and atropine or homa- 
tropine exerts a profound effect upon the enzyme specificity. All three of the 
sera employed hydrolyze tropacocaine, and by comparison with the rates of 
hydrolysis of acetylcholine it would appear that cholinesterase might be the 
active agent in the tropacocaine scission. A test of this possibility was made 
based on the fact that the red cells of rabbit blood contain cholinesterase even 
though they are devoid of atropinesterase. Hence both the serum and cells 
should hydrolyze tropacocaine if cholinesterase is capable of acting upon the 
substance. From Table IV it is apparent that cholinesterase is without action 
on tropacocaine. Therefore the possibility is presented that a tropacocain- 
esterase may also exist as an enzyme distinct from cholinesterase, atropin- 
esterase, and cocainesterase. 

The great difference between the non-enzymatic hydrolysis of cocaine and 
tropacocaine must be ascribed to the presence of the additional methyl ester 
group in the former. This group probably undergoes scission with ease. 

SUMMARY 

Atropinesterase was found to exist in approximately one out of every four 
rabbits, and no relation could be observed between the incidence of the enzyme 
and season, sex, color, age, or weight. The occurrence of the enzyme was also 
shown to be unrelated to that of cholinesterase. 

The distribution of atropinesterase in the blood and organs of rabbits was 
studied; the animals devoid of the enzyme in their blood contained no demon- 
strable activity in any of the organ extracts tested. 
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The presence of atropinesterase in frog liver, and its absence from the serum, 
has been confirmed. Hydrolysis of homatropine, but not atropine, by guinea 
pig liver was observed, while the serum was without action on either of the 
compounds. On this basis the possibility arises that guinea pig liver contains a 
homatropinesterase enzyme separate from atropinesterase. 

It was shown that lack of atropinesterase activity in certain rabbits is not 
likely to be due to the presence of a naturally occurring inhibitor. 

It has been demonstrated that contrary to previous indication^ neither fresh 
egg white nor yolk possess atropinesterase activity. 

The specificity of tropinesterases was investigated and evidence was pre- 
sented for the possible existence of two distinct enzymes, cocainesterase and 
tropacocainesterase. 

The authors wish to thank Sidney Morett for his technical assistance, and to 
express their appreciation for a gift of novatropine supplied by G. S. Clyve of 
Campbell Products Inc., New York City. 
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Saul and Nelson (1) studied the influence of proteins on the activity of yeast 
invertase, and found that native and denatured proteins accelerate the activity 
of purified invertase preparations at pH 3, but not at pH 4.5, the pH optimum 
of the enzyme. Herriott (2) had shown that yeast invertase inactivated by 
acid can be reactivated by following Anson and Mirsky’s (3) procedure of al- 
lowing a solution of the inactivated enzyme to stand for varying intervals of 
time at pH 6. 

In general, Herriott was able to obtain a greater per cent reactivation using 
fairly crude invertase preparations. However, Saul and Nelson (1) found that 
only highly purified invertase preparations respond to the accelerative influence 
of added proteins. These authors suggest therefore, that crude preparations 
contain an excess of protein so that the addition of more protein seems to be 
without further effect. The possibility exists that there may be a relation be- 
tween the reactivation of invertase preparations containing a relatively large 
amount of extraneous protein and the accelerative effect on the activity of 
highly purified preparations due to added proteins. It is the purpose of this 
investigation to test this possibility by studying the effect of added proteins on 
the degree of reactivation of acid-inactivated yeast invertase. 

The procedures used in this study were in general similar to those used by Herriott 
(2) with minor modifications. The activities of the invertase solutions were esti- 
mated by the initial rates of hydrolysis of 16 per cent sucrose solutions at pH 4.5 and 
25®C., except ^here specifically stated otherwise. 

The various invertase preparations used were diluted to give an initial velocity of 
sucrose inversiyi of around 2.fl-2.5® per minute. It was then demonstrated for each 
different enzy e prep>aration used that when brought to a pH below 1.2 and kept at 
this pH for ? ^kinutes, followed by adding alkali to a pH of 4.5 and allowing the solu- 
tion to sta ^^^or 45 minutes, that the enzyme was completely inactive. However, 
when acid-Jp' tivated invertase solutions were brought to pH 6, and allowed to stand 
for 45 minu s, reactivation occurred in complete agreement with Herriott’s findings. 

For each preparation used in the present investigation the pH reactivation optimum 

* This work was begun in the laboratory of Professor J. M. Nelson of Columbia 
University and continued with his approval. 
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was found (these varying between pH 5.8 and 7.0) and the experimental conditions 
were so arranged as to have the reactivation occurring at this pH. 

The following is a typical exp)eriment on the influence of proteins on the re- 
activation of invertase. In each case two experiments are carried out; one 
serving as a control, and differing from the other only in that no protein is 
added. 

To 25 ml. of invertase in 0.015 m phosphate-citrate buffer at pH 4.5 (initial velocity 
of hydrolysis 2.0-2.5® per minute) is added 1 ml. of a water solution containing 10 mg. 
of egg albumin. To this is added 10 ml. of 0.428 n HCl, and 10 ml. of the resulting 
mixture are removed for a pH determination (pH equals 1.10). The mixture is kept 
at this pH for 30 minutes. At the end of this time 10 ml. of 0.327 N NaOH are added 
bringing the pH to 5.89. This mixture is allowed to reactivate for 45 minutes, and 
then 25 ml. are removed and added to 100 ml. of 20 per cent sucrose .solution buffered 
with 0.03 M phosphate-citrate buffer, so that the final pH of the hydrolysis mixture is 
4.5. (The remaining 10 ml. of reactivated invertase are used to determine the pH 
at which reactivation took place.) 

The initial course of the hydrolysis is now followed polarimetrically in the usual 
manner, five samples being obtained for each hydrolysis. The control is then treated 
in exactly the same way, except that 1 ml. water is added at the start, the pH of 
inactivation being 1.09 and the pH of reactivation being 5.86 in this experiment. 

The results of this experiment were as follows: 


(A) Reactivation in presence of 10 mg. of egg albumin 


Hydrolyais sample 

1 ^ Time 

1 

1 A Rotation (in degrees) 

j AR/AT 

1 j 

1 min. 1 

® i 

0 

1 

2 

4 

0.52 

0.130 

^ I 

8 

1.06 

0.133 

^ 1 

12 

1.58 

0.132 

5 i 

16 

2.16 

0.135 


Mean rate — 0.133® per minute 


(B) Control reactivation 


1 

0 

0 

- 

2 

4 

1.09 

0.273 

3 

8 

2.16 

0.270 

4 

12 

3.19 

0.266 

5 

16 

4.39 

0.274 

Mean rate » 0.271® per minute I 



Per cent inhibition of reactivation due to added protein = 


(Rate of control experiment — rate of experiment with added protein) X 1 00 

Rate of control 


(here) 0.271 - 0.133 _ 

* — 0^1 — ^ 
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Since all the variables such as time, temperature, and pH, have been held 
constant, it is possible to attribute the difference in extent of reactivation to the 
added protein. 

A series of experiments of this nature were carried out, with the various pro- 
teins being added at one of three possible points, i.e. at the start (invertase at 
pH 4.5), immediately after bringing the invertase solution to the inactivation 
pH of 1.1, or immediately after bringing the enzyme to the reactivation pH of 
about 6. Since it was found that the results on adding the proteins at pH 4.5 
and at pH 1.1 were the same. Table I lists the effect of proteins at two general 
points of addition; namely at pH 4.5 or less than 1.2, and at pH 6. 

The proteins used in this study were highly purified preparations, many of 
which were obtained from various workers whose names are listed at the end of 
the paper. During the early stages of this work highly purified invertase solu- 
tions were used, which were prepared by Mr. Stanley Lewis of Columbia 
University. It was found that results using highly purified yeast invertase 
were the same as those obtained with the cruder commercial preparation known 
as “Convertit” which is a product of Wallerstein Co. of N.Y. Accordingly, 
‘‘Convertit’^ was used in the later stages of the investigation. 

Examination of Table I reveals some interesting facts. Under no conditions 
was an increase in reactivation obtained. Secondly, all but three of the six- 
teen proteins tested inhibited the reactivation of invertase to some extent when 
added at pH 4.5 or 1.1, the three exceptions being carbohydrate-free horse 
crystalbumin, gelatin, and lactoglobulin, >vhich also did not inhibit at the re- 
activation pH. Only five proteins inhibited the reactivation of invertase, 
when added at pH 6. Of these, two: tr)^sin and chymotrypsin are proteolytic 
enzymes which are active at pH 6, and three, donkey globin, ox globin, and 
serum albumin are non-enzymatic. Another point to be noticed is that a 
general distinction in quantitative effect can be drawn between the proteolytic 
enzymes and the non-enzymatic proteins which were added. The former when 
present in amounts as small as 0.1 mg. caused an inhibition of 70-100 per cent, 
while the latter when present in far larger quantities (10 mg.) gave inhibitions 
varying from 14-87 per cent. For comparison it might ajso be added that as 
much as 0.5 mg. tobacco seed globulin resulted in a zero inhibition. 

The inhibition of the reactivation on the part of the proteolytic enzymes may, 
perhaps, be considered a function of their enzymatic activity, and, indeed, 
several facts appear to supix)rt this possibility. 

Thus, in one exp)eriment 0.06 mg. pepsin which had been inactivated by keep- 
ing at pH 10.5 for half an hour (6) (proteolytic acitivity proven absent by the 
method of Anson (7)) was added to the invertase solution at pH 1.1. In the 
native state, this quantity of pepsin was sufficient to cause 100 per cent inhibi- 
tion of reactivation. In its denatured form, however, it gave 0 per cent in- 
hibition. Also, 5 mg. of chymotrypsinogen added to an invertase solution 
immediately after bringing it to pH 1.1 led to 14 per cent inhibition of reactiva- 
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turn of invertase. S mg. of ch 3 anotr 3 fp 8 in, on the other hand) added under the 
same conditions, caused an inhibition of reactivation of 100 per cent. This 
experiment is probably more satisfactory in demonstrating the correlation of 


TABLE I 

Effect of Proteins on Readnation of Invertase 


Protein 

Quantity nddei 

Inhibition whe 
i added at pB 4.^ 
or 1.1 

^ Inhibition when 
added at pH 6 


mg» dissolvtd 

ptfunt 

P^€ma 

la Egg albumin* 

10 

51 

0 

16 « 

12 

46.3 

0 

2. Carbohydrate-free horse ciystalbumin (4) 

10 

0 

0 

3a Edestin 

10 

74 

0.4 

Vf 

10 

73 

0 

4. Gelatin 

10 

0 

0.5 

5. Donk^globin 

10 

41 

37 

6. Qzgiobin 

10 

87 

87 

7. Lacto-globulin | 

10 

0 

0 

8. Phosphorylated serum albumin j 

12 

16 

— 

9. Pseudoglobulin y (5) 

10 

61 

0 

10. Serum albumin 

12 

36 

36 

11. Tobacco seed globulin 

10 

75 

0 


5 

66 

— 


3 

45.3 

— 


1 

15.7 

— 


0.5 

0 

— 

12. Chymotrypsin 

5 

— - 

100 


2 

98 

— 


0.1 

85 

— 

13. Chirmotiypsinogen 

5 

14 

2 

14. Pepsin 

>0.06 

100 

0 


0.06 

100 

— 


0.03 

93 

— 


0.01 

70 

— 


0.001 

65 

— 

15. Pepsin denatured at pH 10.5 

0.06 

0 

— 

16. Trypsin 

0.10 

70 



10 

100 

100 


* a and h refer to different preparations of the same protein. 


the inhibitory effect and proteolytic activity than that of denaturing the pepsin, 
since although chymotrypsinogen has but 1/10,000 the proteolytic activity of 
chymotrypsin (probably due to traces of chymotrypsin) it is in other properties 
quite similar to chymotrypsin, according to Kunitz and Northrop (8). 

Finally, a third line of evidence to support the idea that the inhibition by the 
proteol 3 rtic enzymes mentioned may be associated with their enzymatic activity 
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is iodkated by the following experiments. Pqwn when added to invertase at 
pH 1.1 inhibits the reactivation 100 per cent. However, when pepsin is added 
to invert :>se immediately after bringing the invertase to pH 6 (at which pH the 
pepsi'’ i? ,>roteol}rtically inactive), there is no inhibition of reactivation what- 
ever 

Concerning the inhibition by the non-enzymatic proteins listed in Table I, 
the authors do not offer any suggestions to account for the phenomenon. The 
possibility, however, remains that the inhibition by the various non-en^rmatic 
proteins may be due to their contamination with proteolytically active sub- 
stantf The presence of 0.005 mg. of pepsin in 10 mg. of protein would be 
suitu u ut to cause 50 per cent inhibition of reactivation. The method of Anson 
(4) (modified to 1 hour’s digestion to insure sensitivity to as little as 0.(X)5 mg. 
pepsin) was used to investigate this possibility. All the proteins mentioned in 


TABLE n 

Ejftct of Trypsin and Chymobypsin on Native Invertase 


Enzyme 

Quan- 

tity 

pH 

Time of contact of 
native invertase 
and enzyme 

Velocity of invertase 
before addition of 
proteolytic enzyme 

Velocity after contact 
for time shown 

Trypsin 

Mf. 

10 

4.6 

68 min. 

0.0103 7mto. 

0.0108 ^/isaxi. 


10 

6.75 

61 “ 

0.0301 

« 

0.0301 “ 


13 


66} hrs. 

0.080 

« 

0.080 “ 

« 

10 

Hill 

45 “ 

0.094 

« 

0.094 “ 

Chymotrypsin 

10 

6.3 

67 “ 

0.532 

(1 

0.531 “ 


Table I were tested for peptic activity, and in addition, serum albumin and 
globin were tested for tryptic activity since the latter inhibited invertase re- 
activation when added at pH 6. All were found to be proteolytically inactive. 

The question now arises; do the proteolytic enzymes affect native invertase? 
There appears to be some disagreement in the literature on this point (1, 9). 

The possibility was tested in two ways. In the first method, the native in- 
vertase was allowed to stand in contact with the proteolyticienzj’^me at different 
pH’s for various lengths of time. The results, as indicated in Table H, show the 
native invertase to be unaffected by the presence of tr 3 q)sin and ch)rmotry- 
psin. Another type of experiment used to obtain information on this ques- 
tion was as follows: 

10 mg. of trypsin were added to invertase which had reactivated at pH 6.2 for 1 
hour. The invertase was now allowed to stand at pH 6.2 for a total of S hours, and 
its activity then determined. One control was aUowed to reactivate at pH 6.2 only 1 
hour and its activity immediately obtained. Another control was allowed to lewti- 
vate at pH 6.2 for 5 hours before testing its activity. Results: Velocity of invertase 
to which 10 mg. of trypsin were added after 1 hour (5 hours total standing) - 0.0134 
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degree per minute. Velocity of control reactivated for 1 hour >■ 0.0133 degree per 
minute. Velocity of control reactivated for 5 hours » 0.0306 degree per minute. 

Other experiments of this type gave similar results and led to the following 
conclusions: (1) Trypsin instantaneously acts to prevent further reactivation of 
inactive invertase, (2) trypsin does not aflFect whatever invertase has already 
reverted to the active form in the reactivation process. 

It was also considered interesting to determine whether reactivated invertase 
would exhibit an effect typical of the original native invertase, namely the effect 
described by Saul and Nelson (1). For this experiment it is necessary that a 
highly purified yeast invertase preparation be used. 

A highly purified yeast invertase was inactivated at pH 1.1 , as usual, and then brought 
to pH 6.2 and allowed to reactivate at this pH for 1 hour. The solution was then 
carefully brought to pH 3.0 with dilute HCl. The solution was now divided into two 
parts, and to one part 10 mg. of trypsin were added, and the activity of this and the 
control were compared in buffer at pH 3.0. 

This experiment was also repeated using 6 mg. gelatin, instead of tr 3 q)sin, as 
the foreign protein added. 

Increases of 19 per cent and 25 per cent respectively at pH 3.0 were obtained 
in these experiments due to added protein, and are in accord with findings re- 
ported by Saul and Nelson (1) for native invertase. 

It will be remembered that edestin and tobacco seed globulin did not inhibit 
the reactivation of invertase when these proteins were added to acid-inactivated 
invertase which had just been brought to pH 6.2, but did when added at pH 
4.5 or 1.1. The following experiment was carried out in an attempt to obtain 
some further information concerning the inhibitory effect using these proteins. 

Edestin, tobacco seed globulin, and pepsin were separately brought to pH 1.1 and 
allowed to remain at that pH for one-half hour. Then 10 mg. edestin, 10 mg. tobacco 
seed globulin, and 1 mg. pepsin were each added lo separate portions of acid-inacti- 
vated invertase which had just been brought to pH 6. The velocities were then 
compared with a control and the inhibiti(/ns obtained were 65 per cent with the to- 
bacco seed globulin, 35 per cent with edestin, and 0 per cent with 1 mg. pepsin. 

This experiment suggests that in the case of edestin and tobacco seed globulin 
the inhibitions described in Table I may be ascribed to some special changes in 
the edestin and tobacco seed globulin when these are brought to pH 1.1 and the 
subsequent interaction of these specially changed proteins with inactive in- 
vertase at pH 6.2 thereby preventing its normal regeneration. 

The pepsin experiment points to the previous idea that in this case the effect 
is proteolytic since 1 mg. pepsin is sufficient when added at pH 4.5 or 1.1 in the 
usual way to prevent any reactivation, while under these last conditions no in- 
hibition at all was obtained. 
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SUMMARY 

1. Acid-inactivated yeast invertase could not be regenerated in the presence 
of the proteolytic enzymes trypsin, pepsin, and chymotrypsin. 

2 . Certain foreign proteins of non-enzymatic nature partially inhibited the 
reactivation of acid-inactivated invertase. 

3. Certain proteins as gelatin, lacto-globulin, and carbohydrate-free horse 
crystalbumin did not prevent the reactivation of invertase at all. 

4. Highly purihed reactivated invertase was shown to exhibit an effect typi- 
cal of original native invertase; that is, acceleration of its activity in presence of 
foreign protein at pH 3.0. 

5. Native invertase was not digested by tr3rpsin and chymotrypsin. 

6. The addition of trypsin and chymotrypsin to reactivating invertase did 
not affect the invertase which had already reverted to the active form, but pre- 
vented further reactivation of inactive invertase. 

We are greatly indebted to the following for their kindness in supplying us 
with proteins used in this work: Dr. Max Bergmann, for lactoglobulin, Dr. 
Henry Borsook, for edestin, and egg albumin (three times recrystallized). 
Dr. Edwin J. Cohn, et al,, carbohydrate-free horse crystalbumin, and pseudo- 
globulin-7, Dr. Michael Heidelbergcr, Dr. Henry P. Treffers, and Mr. Manfred 
Mayer, for serum albumin, phosphorylated serum albumin, and egg albumin. 
Dr. Roger M. Herriott, for pepsin (twice recrystallized), trypsin (three times 
recrystallized), chymotr3rpsin (three times recrystallized), chymotrypsinogen 
(seven times recr3rstallized). Dr. Abraham Mazur, tobacco seed globulin, 
edestin, and gelatin, and Dr. Alfred E. Mirsky for donkey globin. 

We also wish to thank Dr. A. E. Mirsky for discussing this work with us and 
making helpful suggestions. 
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OSMOTIC PROPERTIES OF THE E(;G CEIA.S OF THE OYSTER 
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There is abundant evidence that living cells function as osmotic systems (1). 
(^)uaiihtative studies, however, on osmotic equilibria and on the kinetics of 
osmosis with animal cells have been hindered by lack of suitable material. To 
serve as osmometers for experimental purposes, cells should meet the following 
requirements: 1. I'hey should be obtainable as isolated cells of a single type, 
('ell aggregates, such as tissues or organs are unsiitisfactory, since they contain 
not only cells of more than one type, but also blood vessels, lymphatics, tissue 
spaces, and intercellular substances — all having different properties. 2. The 
cells should be free to undergo changes of volume, since osmotic phenomena 
involve such changes. In tissues, free changes of cell volume are interfered 
with by mutual pressure of component parts; even certain isolated cells are 
unsuitable, because of the rigidity of their surface membranes (2). The size 
and shape of the cells should be such as to permit accurate measurement. Few 
types of animal cells are known that fulfill these requirements, w^herefore 
quantitative investigations of osmotic phenomena, and of the related property 
of permeability, have been conlined almost entirely to two types of cells: mam- 
malian erythrocytes and ecchinoderm egg cells. In the course of search for 
new material, the eggs of tw^o other forms of marine invertebrates which belong 
to different phyla - the annelid Chaetoplerus pergamentaceus and the mollusc 
Cumingia telenoides have also proved well adapted for osmotic studies (2). 
Unfortunately, neither of these forms were readily available^ nor as the num- 
ber of eggs from any single specimen of Cumingia sufficient for some experi- 
ments. 

Further attempts to lind suitable cells disclosed that the unfertilized egg of 
the oyster is excellent material. This animal is widely distributed, its eggs are 
very abundant, and are obtainable without difficulty. To stimulate shedding 
of eggs, oysters are placed in bowls of sea water, the temperature of which is 
suddenly raised to 32-35‘^C., after which the water i^ allowed to cool.^ When 

^ Eggs thus obtained are entirely uninjured and may be fertilized. J he mechanism 
of the spaw'iiing of oysters has been extensively studied by Dr. 1 aul S. tialtsoff, of 
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first shed, the eggs are usually ovoid or pear-shaped, but after repeated washing 
in sea water they become, in a high percentage of samples, uniformly spherical 
(Fig. 1); the diameter was found to range (in samples from 10 animals) from 
50.8 to 54.4ju, with 52.2/1 the average. Compared to other marine eggs, the egg 
of the oyster is relatively small. ^ 

For measuring the eggs a diffraction method was used, the details and ad- 
vantages of which have been described in previous communications (2, 4). 
Each measurement of the diffraction pattern gives a statistical average of many 
thousands of individual cells. Accurate measurements can be made at inter- 
vals of 5 seconds (and under favorable conditions in less time) ; this is a particu- 
lar advantage when, as in oyster eggs, osmotic volume changes are rapid. 



Fig. 1. Egg celk <if Osfrea. 'Fhc photograph shows the eggs as isolated cells of 
spherical shape and of uniform size. 

The present experiments deal with the question “How good a natural osmom- 
eter is the unfertilized egg of the oyster?’’ To answer this question we have 
studied: the equilibria the cells attain in several different concentrations of 
sea water, the reversibility of the volume changes, and the course of osmotic 
swelling and shrinking. From the data obtained, the permeability of the cells 
to water and to two solutes, diethylene glycol and glycerol has been computed. 
The results of these experiments will now be taken up in order. 

the U. S. Bureau of Fisheries. He slates (3) that “the temperature (such as the 
above) to which the oysters were subjected in the laboratory lies within the thermal 
range of their normal habitat and the conditions of the experiment cannot be con- 
sidered abnormal or even unusual.” There are other methods for inducing spawning, 
but they involve the use of sjHjrm or of chemical agents which we wished to avoid. 
We are greatly indebted to Dr. Galtsoff, and to his assistant, Mr. B. Bdving, for 
furnishing us most of the cell sus|)ensions used in the present exi>enments. 

- For example, Chtu^lopieruSy 100 /i; Arbacia 75/x, Cumingia 65/t, approximately. 
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i. AppUcabilUy of the Law of Boyle-vanH Hoff. Volume of Osmotically Inactive 

Material 

If cells were perfect osmometers, their volume should increase in direct pro- 
portion as the osmotic pressure of the medium with which they are in equi- 
librium decreases; stated alternatively, the product of volume and pressure 
should be constant. It has been shown (1) for several types of living cells 



Fig. 2. Applicability of Boyle’s law to oyster eggs. Results of six equilibrium 
experiments. Volumes of cells are plotted against reciprocals of corresponding 
concentrations of sea water with which they are in equilibrium (concentration of 
ordinary sea water - 1.0). The graph drawn weighs aU the observed points and is 
linear; it represents the equation P (V - 6) - constant. The volume of osmoticaUy 

inactive ceU contents, h, is obuined by extrapolation of the graph to - - 0 (this 

yTti-ppolftt inn is not shown in the figure). The mean value of 6 is 44 per cent of the 
initial cell volume. 

(plant cells, erythrocytes, marine eggs) that this relation holds provided that 
cell volume is corrected for osmoticaUy inactive cell content. The ^<^t 
volume is not the volume of the ceU as measured, but is this volume diminished 
by a quantity which represents the space occupied by osmotically inactive 
material. Boyle’s law as applied to cells becomes: 

p ^h) • K constant 0) 


where P is the osmotic pressure of the dissolved substances in the ceU (1^ 
pressure at equilibrium is identical with the known osmotic pressure of the 
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medium), V is the measured cell volume, and i the space within the cell oc- 
cupied by osmotically inactive material (this term includes bound water if any 
exist). 

The applicability of Boyle’s law was tested in duplicate or triplicate experi- 
ments with eggs from six oysters. The cells were measured in ordinary sea 
water, and in several dilutions of sea water with which they had been brought 
to equilibrium. The results are shown in Fig. 2, in which the observed volumes 
are plotted against the reciprocals of the corresponding concentrations of sea 
water; a straight line may be fitted to the points, which is in accordance with 
equation 1. Thus it is evident that the egg cells of the oyster closely obey the 
law of Boyle-van’t Hoff, provided that the cell volume is corrected for osmot- 
ically inactive contents. 

The correction factor, A, may be computed from the observed volumes arith- 
metically, or, more simply by extrapolating the linear graph of Fig. 2; the in- 
tercept with the axis ^ = 0 gives directly the mean volume of osmotically in- 

active cell content. The value of A computed in this way^ is equal to 44 per 
cent of the cell volume in ordinary sea water. The amount of A for the oyster 
egg is much greater than A for the Arbacia egg which has only 12 per cent of 
dead space (4, 5); on the other hand, the amount for the oyster egg is approxi- 
mately the same as A for mammalian erythrocytes. In different plant cells, 
even greater variations of A values are found; for certain yeasts the correction 
factor is 64 per cent of veil volume; on the other hand, for certain other cells 
which have large sap vacuoles and an extremely thin layer of protoplasm, A 
approaches zero (1). 

2. Reversibility of Osmotic Swelling; Preservation of SemipermeabUity 

In the experiments discussed in the preceding section, the relation of cell 
volume to osmotic pressure was investigated over a wide range of concentration 
of sea water — from 100 to 40 per cent, corresponding to pressures of 22 to 8.8 
atmospheres. At all concentrations, the volume of the cells reached a steady 
state, which for a number of hours remained unaltered. This fact made it 
unlikely that swelling in the hypotonic solutions had led to injury and con- 
sequently to loss of semipermeability. 

Reversibility of the volume changes was now tested by returning the swollen 
cells to ordinary sea water, and measuring them after they had again come into 
equilibrium. The results of a representative experiment, with duplicate meas- 

* A graphic method for evaluating A is perhaps preferable to arithmetic computa- 
tion, for such computations arc greatly affected by slight accidental errors of measure- 
ment, whereas a graphic method at once weighs all the points. The values of A 
obtained arithmetically ranged from 31 to 56 per cent, with two-thirds of the values 
being between 40 and 48 per cent. 
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urements for each concentration, are shown in Table I. It is seen that the 
original and final volumes are in good agreement. It may consequently be 
concluded that osmotic volume changes of 03 rster eggs (within the range stated) 
are reversible, and that the semipermeability of these cells remains intact. 

J. Kinetics of Osmosis 

The rates at which the oyster eggs attain osmotic equilibria were now 
studied as follows. After measuring their initial size, the cells were mixed 
with diluted sea water in such proportion as to give a suspension of suitable 
density of cells in a medium of known concentration. This suspension was 
quickly introduced into the chamber of the apparatus and the changes in 

TABLE I 

Reversibility of volume changes. In this experiment, performed in duplicate, at 22*’C., 
cells were measured in ordinary sea water (column 1), then swollen in 40 and 50 per cent sea 
water, respectively, and remeasured after 1 hour (colunm 2 and 3). They were then returned 
to ordinary sea water and again measured after 1 hour (last 2 columns). (The cells reached 
equilibrium within a few minutes after transfer to the hypotonic solution, or after returning 
them from such solutions to ordinary sea water.) For ease of comparison diameters, as well 
as volumes, are given. It is seen that the cells return approximately to their original size. 


Initial size in 100 
per cent sea water 

Size in equilibrium with 

Final volume 

100 -►40 

100 -♦SO 

40-^ 100 

SO-^ 100 

72,780ai* 

134,100 

110,300 

73,200 

71,520 

(51.8)m 

(63.5) 

(59.5) 

(51.9) 

(51.5) 


132,200 

110,300 

73,620 

71,100 

(52.0)m 

(63.2) 

(59.5) 

(52.0) 

(51.4) 


size of the cells were followed by making readings of the diffraction pattern 
until a steady state was reached. 

The course of swelling and of shrinking during endosmosis and exosmosis, 
respectively, is illustrated in Figs, 3 and 4. It is seen that either swelling or 
shrinking is completed in considerably less than 5 minutes. Osmotic changes 
of oyster eggs are rapid when compared to similar pro<^es in Arbacia eggs, 
which require approximately 30 minutes to reach equilibrium. 

With data obtained from the measurements of oyster eggs made during 
swelling or shrinking in anisotonic solutions we can test the applicability of 
equations (based upon theoretical grounds) which for other types of living cells 
have satisfactorily described the course of osmotic volume changes. It has 
been shown (4,6) that rate of change of cell volume is, at any instant, propor- 
tional to the area of the surface and to the difference in osmotic pressure exist- 
ing between the cell and the surrounding medium; i.e., 


dt 


K S-(P - Ps) 


( 2 ) 
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Rc. 4. G>uise of shrinking of cells upon transfer from 40 per cent sea water (with 
which they had previously been brought to equilibrium) to ordinary sea water. 

dV. 

^ change of cell volume due to passage of water, either inward 

or outward; 5 is the area of the cell surface, P the osmotic pressure of the in- 
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tetior of the cell, P • that of the surrouoding medium, and is a factor of pro- 
portionality. Correcting cell volume for b (equation 1), and making necessary 
substitutions before integrating, equation 2 when integrated becomes:* 


*(36»)».J»,(7, - b)t - (F. - « In 


V,-V 
(7.* - 7*)* 




7 

7taj, 


(3) 


In the application of this equation to the experimental data it will be con- 
venient to designate the entire right hand side of equation 3 as / (7, 7,). 
Using the data of two representative swelling experiments and plotting 

(3^)* Po (7(ri) ^ against time, the fit obtained is linear (Fig. 5). 

This is in harmony with the demands of the equation, which may therefore be 
regarded as describing satisfactorily* the course of osmotic volume changes of 
the oyster egg. 


4. Permeability of the Oyster Egg to Water during Endosmosis and Exosmosis 

The permeability of a cell to water, K of equations 2 and 3, is defined as the 
amount of water that enters or leaves the cell in unit time, through unit of cell 
surface, as a result of a unit of pressure. In convenient units, permeability is 
expressed as the number of cubic micra of water that pass per minute through 
each square micron of cell surface, per atmosphere of difference in osmotic 
pressure between the cell interior and the medium. This quantity may be ob- 
tained directly from the slopes of linear graphs such as are shown in Fig. 5. 


*The equation as here given is a somewhat simplified form of that previously 

7,-7 

published (6). The expression ^ in the present equation has been obtained 

V r # 7 V 


by multiplying numerator and denominator of ^yTZTyfy — 

yl — yi> this eliminates calculation of the three quantities iM, and (7*7)*, none 
of which appears elsewhere in the equation. We are obliged to Dr. T. N. Harris, 
of the Laboratory of Bacteriology, University of Pennsylvania, for drawing our 
attention to this simplification. 

The symbol 7« indicates volume of the cell at equilibrium, 7o and Po are volume 
and pressure, respectively, in ordinary sea water. Suggestions for the construction 
of conversion charts, by means of which the computation is rendered a relatively easy 


task, are given on page 409 of a previous publication (6). 

® More correctly this equation describes the swelling and shrmking process the 
beginning to approaching equilibrium. As the cells approach their equilibrium, 
deviations from equation 3 appear which are as yet unexplained. 
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In these experiments, the values of K for water entering cells were the same, 
namely 0.6. In similar experiments with eggs from four other oysters which 
were caused to swell in either 40 or 50 per cent sea water, permeability ranged 
from 0.5 to 0.6, with most values close to an average permeability of 0.6 for 
endosmosis. 

For the reverse process, exosmosis, permeability may be computed by two 
methods. In the first method, equation 3 is used and the value of perme- 



Fig. 5. Applicability of equation 3 to swelling of oyster eggs in 50 per cent sea water. 

Results of experiments with cells from two animals. Plotting t ^ 

(36t)*Fo(Ko - «• 

/(F, Vt) against time yields linear graphs, showing that the equation fits the data. 
The slopes of the lines are the values of the permeability factor, K, 

ability derived as has been described for endosmosis. In three duplicate ex- 
periments, cells previously swollen in 40 or 50 per cent sea water were measured 
during shrinking after their return to ordinary sea water; in these experiments 
the values of permeability for exosmosis averaged 0.5. 

By a second method, based upon entirely different procedures, values of 
permeabihty were slightly, but not significantly, higher. This method, de- 
‘ veloped by Jacobs (7) makes it possible to evaluate permeability to water and 
to solutes as well. The cells are measured in ordinary sea water, and then 
transferred to a medium made by dissolving in sea water 0.5 m of a relatively 
harmless substance to which the cells are permeable — in the present experi- 
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Slls i or glycerol. In this initially hypertonic medium the 

f T ‘I'® penetrates, a minimum volume is attained 

an<l then the water lost durmg shrinking is graduaUy regained (Fig. 6). From 



Time in Seconds 

Fig. 6. Two experiments with eggs from different oysters Thowii’g the course of 
shrinkage and subsequent swelling when placed in a solution of 0.5 M diethylene glycol 
(upper graph) or glycerol (lower graph) in sea water. Volumes correspond to averages 
of diffraction scale measurements. Permeability constants for solutes are in 
mols X lO"*^ Vniin.//xVmol per liter. 

the initial size, minimum value obtained, and time of attaining this minimum 
it is possible to compute both the permeability to the solute and the water.* 

* For details of computation see (7). In the determinations of the permeability 
constants for water by this method, the volume of osmotically inactive cell contents 
has not been considered. Probably no serious error is thereby introduced for such 
correction is of less importance when dealing with volumes which diffei only slightly 
from the initial size; i.e., less than 15 per cent in the present experiments. 
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The significant data of five experiments with diethylene glycol as the pene- 
trating solute are recorded in Table II; in the last column are stated the values 
of permeability to water; the average is 0.7. In three similar experiments with 
glycerol, the average is 0.6. These values are but slightly higher than the 
values computed from the course of shrinking by the first method. 

By two entirely different methods, therefore, the permeability of the oyster 
egg is found to be 0.5-0.7 for exosmosis. For endosmosis, as shown above, the 
values obtained are exactly the same. This agreement ig of considerable in- 
terest, since with another t 3 rpe of living cell, the Arbacia egg, water appears to 
leave the cell more readily than it enters: the calculated value of permeability 
for exosmosis is at least 25 per cent greater than the value of endosmosis.’^ No 

TABLE II 

Permeability of eggs of Ostrea to water, and to diethylene glycol, at 22®C. Permeability 
values are given in the last two vertical columns. Permeability to water is expressed as 
number of cubic micra of water which enter the cell, per minute, through each square micron 
of cell surface, per atmosphere of difference in osmotic pressure. The values for diethylene 
glycol are the number of mols X 10“'‘ of this substance which pass per minute through each 
i(\uaxe nhccon oi odl surface, at a concentration difference of \ mo\ per liter. 


Experiment 

Initial 

volume 

Minimum 

volume 

Time to i 
minimum 
volume 

Vm ] 

y% 

Permeability ' 

to diethylene 

glycol X 10““ 

Permeability 
to water 

1 

68,600 


min. 

0.38 

0.875 

29.6 

0.73 

2 

78,390 


0.33 

0.845 

26.6 

0.84 

3 

77,950 



0.892 

28.2 

0.64 

4 

73,200 


0.38 

0.845 

24.2 

0.81 

5 

70,690 



0.902 

27.3 

0.50 

Mean 

73,770 

64,240 

■■ 

0.872 

27.2 

0.70 


such difference is found for the oyster egg, which in this respect may be re- 
garded as a more perfect osmotic system. 

5. Permeability to Diethylene Glycol and to Glycerol 

The ingenious method of Jacobs permits, as has been stated, simultaneous 
measurement of cell permeability to water and to dissolved substances. The 
necessary data for computation of either are the same. 

In preliminary experiments, we attempted to measure the permeability of 
oyster eggs to ethylene glycol, a solute which because of its convenient rate of 

'! For Chaetopterus and Cumingia we do not have as yet sufficient data on exosmosis 
for computation by equation 3. It is of interest, however, to note that permeability 
values for endosmosis by this equation agree remarkably well with values computed 
by Jacobs’ method for shrinking. 
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penetration has been a favorite with other types of cells (2, 8). But oyster 
eggs proved so highly permeable to ethylene glycol that our measurements 
were not sufficiently accurate. We therefore used a related substance, dieth- 
ylene glycol, which, as Stewart and Jacobs had shown with Arhacia eggs (8), 
penetrates more slowly. This substance was found suitable for quantitative 
measurements with oyster eggs; it penetrates into these cells rapidly but at a 
rate readily measurable by die diffraction method. The values of permeabil- 
ity of this substance are shown in the column next to the last of Table II. 
The figures express the number of mols X of diethyl^ne glycol which 
enter the cells per minute through each square micron of surface, at a concen- 
tration difference of 1 mol per liter; the average value is 27.2. 

In other experiments, glycerol was chosen as the solute to be studied, since 
we had previously observed that this substance penetrates very slowly into 
one type of cell, the Arhacia egg, whereas it penetrates readily into another, the 
ChaeU>pUfiis egg. The oyster egg proved still more permeable to glycerol; in 
three experiments its permeability averaged 20.7. 

6, Comparison of Permedbility Values 

It may now be of interest to compare the values of permeability obtained for 
the oyster egg with values previously obtained by us for three other invertebrate 
eggs. This comparison is restricted to determinations made under similar 
experimental conditions, using the same technique of measuring cell volume 
and the same methods for computing permeability. The values are collected 
in Table III. Inspection of the table brings out first, that for each of the four 
types of cells permeability to water computed from the course of swelling (by 
equation 3) is in good agreement with values obtained from the course of 
shrinking by Jacobs’ method; with the exception of the slightly higher per- 
meability obtained by Jacobs’ method for Arhacia^ the determinations for the 
other cells are almost identical. It follows, as a corollary, that permeability 
to water is not affected by the presence in the medium (sea water) of the non- 
electrolytes, ethylene glycol, diethylene glycol, or glycerol; moreover, when the 
object of experiments is solely evaluation of cell permeability to water, it be- 
comes a matter of convenience which of the two methods'is emtJoyed. 

It will next be noted that the oyster egg is considerably more permeable to 
water and to solutes than are the other three kinds of marine eggs. Thus, for 
water the ratio is, very nearly: Arhacia^ 1; Chaetopterus^ 4; Cumingia, 4; 
Ostrea^ 6. 

Ethylene glycol penetrates three of the cells in approximately the same ratio 
as water, but for oyster eggs the ratio is probably much higher. Diethylene 
glycol has the very high permeability of 27 for Ostrea\ this is ten times the 
value obtained by Steward and Jacobs for Arhacia (8). 

Glycerol penetrates into the Arbacia egg at an extremely slow rate; hence 



226 


OSMOTIC PROPERTIES OF OYSTER EGG CELLS 


accurate determinations of time required to attain minimum value are difficult, 
and the present permeability value must be regarded as an approximation. 
But Chaetopterus is freely permeable to glycerol, more permeable in fact than 
is Afbacia to the readily penetrating ethylene glycol. Ostrea^ by contrast, is 
only three times as permeable as Chaetopterus, Taking the value for Arbacia 
as sufficiently accurate for obtaining ratios, we find the following: Arbacia, 1; 
Chaetopterus, 210, and Ostrea, 690. 

From these several comparisons it becomes evident that the relative ease 
of penetration of water is not paralleled by permeability to solutes. For every 
solute, as well as for water, the permeability of the four kinds of cells is specific. 
This finding is in harmony with observations made on other kinds of living 
cells (9). 


TABLE III 

G>mparative permeability to water, and to ethylene glycol, diethylene glycol, and glycerol. 
Values for water are given in /iVn^li^'/MV^^In^osphere; they are computed from the course of 
swelling by equation 3 (1st method), and from the course of shrinking by Jacobs method 
(2nd method). Permeability constants for the solutes are in mols X 10**Vniin./AiVn>ols 
per liter. All values are based on measurements made by the diffraction method at a tem- 
perature of 22® db 0.5®C.; values for Arbacia, Chaetopterus, and Cumingia have been taken 
from previous publications (2, 4). 


Kind of egg 

Water 

(lat method) 

Water 

(2nd method) 

Ethylene glycol 

Dieth- 

ylcne 

glycol 

Glyc- 

erol 

Arbacia 

0.10; 0.12 

0.17 

3.5 


0.03 

Chaetopterus 

0.44 

0.46 

14.3 


6.3 

Cumingia 

0.46 

0.41 

15.6 



Ostrea . . . 

0.60 

0.6; 0.7 

(Very rapid 

27.2 

20.7 




penetration) 




SUMMARY 

Investigations of the osmotic properties of oyster eggs by a diffraction 
method for measuring volumes have led to the following conclusions: 

1. The product of cell volume and osmotic pressure is approximately con- 
stant, if allowance is made for osmotically inactive cell contents (law of Boyle- 
van’t Hoff). The space occupied by osmotically inactive averages 44 per cent 
of cell volume. 

2. Volume changes over a wide range of pressures are reversible, indicating 
that the semipermeability of the cell durmg such changes remains intact. 

3. The kinetics of endosmosis and of exosmosis are described by the equation, 
dV 

~ ^ K- S- (P— P,), where dV is rate of volume change; S, surface area of 
cU 

cell, (P—Pe), the difference in osmotic pressure between cell interior and 
medium, and K, the permeability of the cell to water. 
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4. Permeability to water during endosmosis is of water per minute, per 
square micron of cell surface, per atmosphere of pressure. The value of per- 
meability for exosmosis is closely the same; in this respect the egg cell of the 
oyster appears to be a more perfect osmometer than the other marine cells 
which have been studied. Permeability to water computed by the equation 
given above is in good agreement with computations by the entirely different 
method devised by Jacobs. 

5. Permeability to diethylene glycol averages 27.2, and to glycerol 20.7. 
These values express the number of mols X 10"“ which enter per minute 
through each square micron of cell surface at a concentration difference of 1 
mol per liter and a temperature of 22.5®C. 

6. Values for permeability to water and to the solutes tested are considerably 
higher for the oyster egg than for other forms of marine eggs previously ex- 
amined. 

7. The oyster egg because of its high degree of permeability is a natural 
osmometer particularly suitable for the study of the less readily penetrating 
solutes. 
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ON THE PRODUCTION AND USE OF PERMANENTLY ALTERED 
STRAINS OF YEAST FOR STUDIES OF IN VIVO 
METABOLIC ORGANIZATION 

By THEODORE J. B. STIER and JOHN G. B. CASTOR 
{Prom the Biological Laboratories, Harvard University, Cambridge) 

(Received for publication, May 16, 1941) 

I 

The nature of the dynamic organization of the various chemical units found 
within the living cell by use of in vitro methods is obviously one of the more 
important steps in the investigation of the metabolic machinery of the cell. 
In the attack on this aspect of cellular biochemistry it is obviously desirable 
that the cell remain alive (intact) during the course of experiments designed to 
reveal the in vivo interrelationships of the components of its various metabolic 
systems. Unfortunately few experimental procedures are available which are 
definitely known to fulfill this condition. 

A most valuable tool for the in vivo attack on mechanisms of cellular metab- 
olism has been, thus far, the socalled “specific” inhibitor. The use of such 
compounds as KCN, CO, NaF, and iodoacetic acid to block certain enzymic 
activities within the living cell has provided data which initially guided the 
isolation and purification of various cellular enzymes and the in vitro recon- 
struction of our present models of cellular metabolic mechanisms. Some of 
these inhibitors, however, were found to be non-specific in their action, thus 
limiting their usefulness for the in vivo attack on metabolic mechanisms. 
Cyanide, for example, in a range of moderate concentrations reversibly blocks 
the cytochrome — cytochrome-oxidase complex and inhibits oxygen consump- 
tion. In a range of low concentrations, however, cyanide may stimulate 
oxygen consumption and bring about a marked increase in, the rate of respira- 
tion. (See Commoner, 1940, for details and for other examples.) 

The following properties of specific inhibitors have also limited their general 
usefulness: 

(a) The inhibitor may form an inactive complex with certam extracellular sub- 
strates employed in the experiments (Green and Williamson, 1936). 

(ft) An inhibitor may simultaneously affect more than one metabolic system within 
the cell even in experiments made under conditions which are believed to “isolate ’ 
single metabolic activities. Cyanide, for instance, has been shown to produre a 
distinct inhibition of fermentation as well as respiration in yeast held under hon- 
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proliferatiiig conditions in sugar-containing phosphate buffer solutions (Warburg, 
192Sb). 

(c) The possible reversibility of the inhibitory effect in the course of an experiment 
may be an added complicating factor. For cyanide it has been shown that the perma- 
nence of the inhibitory effect depends on the concentration of the inhibitor and the 
time it remains in contact with the cells. (See Warburg 1925 a; Buchanan, 1926.) 

(d) The slow penetration of the inhibitor into the cell may produce an effect which 
is a function of time (for cases involving iodoacetate inhibition see Saslow, 1937 ; for 
fluoride inhibition, Runnstrflm and Sperber, 1938). 

(e) It is technically difficult to maintain a constant concentration of such inhibitors 
as HCN during the course of experiments. With cyanide, compensation must be 
made for the tendency of HCN to distill out of experimental cell suspensions into the 
alkaline CQi absorber used in measuring the rate of Qj uptake (Krebs, 1935; Robbie, 
Boell, and Bodine, 1938). 


II 

A method of circumventing some of the difficulties encountered in working 
with inhibitors has been on trial in this laboratory for several years. The 
method consists of treating a strain of yeast during cell proliferation with a 
specific inhibitor until a new stable strain of yeast possessing characteristics 
different from those of the original (parent) strain, and cajmble of maintaining 
the altered characteristics in the absence of the inhibitor, is obtained. Our 
technique was adapted from the earlier work of Meissel (1933). For other 
contributions on the effect of inhibitors on proliferating yeast see Pett (1936), 
and Yoshikawa (1938). 

Our first attempt with KCN as the modifying agent has yielded a pure sub- 
strain which exhibits metabolic properties generally characteristic of yeast 
cells poisoned with KCN under non-proliferating conditions. The particular 
characteristics of this strain have remained constant for a period of 5 years 
during cultivation on media free from cyanide. 

Our cyanide substrain does not have cytochrome activity, according to the 
tests employed, and is apparently entirely lacking in certain components of the 
enzyme complex believed to be responsible for the major portion of the oxygen 
consumption of its parent strain. A final pronouncement on this point de- 
fiends, however, on the development of a satisfactory extraction and assay 
method for the cytochrome-oxidase component of yeast cells. 

The disappearance of cytochrome-oxidase activity upon proliferation of the 
cells in contact with cyanide indicates a non-reversibility of the action of 
cyanide. This has not previously been definitely established by experiments 
under the usual non-proliferating conditions. It thus appears from our 
results that cyanide can bring about a temporary (reversible) inhibition of 
oxidase activity under non-proliferating conditions whereas, under proliferating 
conditions it acts irreversibly destroying the ability of growing cells to synthe- 
size cytochrome-oxidase in an active form or at all. 
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The exact nature of the action of cyanide in bringing about t he permanent 
(genetic) alteration has not been investigated as yet; neither have we studied 
the possibility of replacing the altered, or lost, enzyme units by (o) culture 
procedures (see Lwoff, 1933), (b) the addition of various isolated cell compo- 


TABLE I 

Comparison of the Metabolic Characteristics of the Parent Strain with Those of the Cyanide 

Substreun of Yeast 



Cyanide snbstnun 

Parent strain 

Respiration 

in 5 per cent dextrose 

Fermentation 

4.7 

31.8 

A.Tobic - Qjjp 

238.5 

156.5 

Anaerobic (Q(?^) • • • 

248.8 

192.8 

Cytochrome-oxidase tests* 

Negative 

Positive 

Cytochrome c absorption bands. . . . 

Do not disappear in oxygen 

Disappear in oxygen 

Catalase test 

Positive 

Positive 

Glucose dehydrogenase testf 

Effect of inhibitors on respiration 

1 Positive 

1 

1 

Positive 

KCN 

; No effect 

Complete inhibition 

NaNa 

j No effect 

Complete inhibition 


* Procedures employed were those of Keilin (1925) : (a) Nadi reagent; (5) manometric 
method employing p-phenylenediamine hydrochloride. 

t Anaerobic methylene blue procedure carried out in Thunberg tubes. The dehydrogenase 
activity was the same in both strains. 

Addendum . — 

Production of the Cyanide-Substrain 

The procedure employed during 1935-36 in obtaining our cyanide substrain was briefly as 
follows: Cells of a pure strain of Saccharomyces cerevisiae Hansen (American Type Culture 
Collection No. 4360), originally derived from a single cell, were seeded into 1.5 per cent Difeo 
malt extract broth containing an initial KCN concentration of m/1000. The culture was 
incubated for 48 hours at 25®C., then washed on the centrifuge with sterile m/15 XH 2 PO 4 , 
and subcultured in a modified Williams’ medium (see Castor, 1939). After a series of liquid 
subcultures 3 single cell isolations were made and each one maintained on agar slants. Since 
the respiratory metabolism of the yeast from each isolation was found ^o be i>:entical we finally 
selected one of the pure lines and have subsequently carried it on agar slants. Pure culture 
conditions were rigorously maintained throughout all the procedures. 

The results on the cyanide substrain reported in Table I were recently obtained on yeast 
grown in a liquid subculture. 

nents during non-proliferating conditions (Ogston and Green, 1935), or (c) the 
genetic methods developed for yeast by Winge and Laustsen (1938). These 
aspects of the problem will be the subject of future investigations. 

The absence of cytochrome-oxidase and cytochrome c activity in cells of 
the cyanide substrain, together with the presence of a small cyanide- and azide- 
stable respiration (about IS per cent, of the respiration of the parent strain) 
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makes this new strain of yeast of considerable value for direct tests of the rdle 
of flavoprotein in cyanide-insensitive respiration. It should also be useful 
for investigations of the in vivo activities of the cytochrome components a and 
b. Other examples of its advantages in investigations of intracellular meta- 
bolic mechanisms will readily suggest themselves. 

Ill 

The inhibitor-produced substrain of yeast thus makes available an unlimited 
supply of cells which possess a range of metabolic characteristics, and pre- 
sumably an in vivo chemical organization, markedly different from that of its 
parent strain of yeast. More important, however, is the possibility of analyz- 
ing these cells, either directly by chemical methods, or indirectly by physiologi- 
cal methods, for their component enzyme systems without destroying the 
altered strain of yeast, and especially, without interference from the chemical 
agent originally employed in the modification. 

It is our plan, as time permits, to attempt the production of other strains 
of Saccharomyces cerevisiae and other yeasts by use of various specific enzyme 
poisons and various physical agents which modify cellular metabolism. It is 
hoped that by this method we will be able to delete from, or modify in, the 
cell its various constitutive enzymes or enzyme systems and ascertain their 
probable rdle in the chemical organization of cells of the parent strain. It 
should be noted, of course, that the characteristic metabolic activities of the 
^^normal’’ parent cells depend upon the usual functional organization of the 
fuU complement of the component enzyme systems of the ceU. Changes in 
metabolic characteristics produced by the elimination or alteration of any 
cellular component may be not solely the expression of the loss of a particular 
enzyme unit, but rather the expression of a fundamentally new dynamic 
organization resulting from the deletion. In the latter case the results ob- 
tained by this program of research would be at variance with the usual in 
vitro reconstructions. So far, however, the results obtained with our cyanide 
substrain are in accord in most essentials with the in vitro reconstructions of 
Keilin and Warburg. 
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THE VISUAL SYSTEMS OF EURYHALINE FISHES 
By GEORGE WALD* 

{From the Biological Laboratories of Harvard University, Cambridge) 
(Received for publication July 8, 1941) 

The red photosensitive pigment rhodopsin participates wiin me carotenoids 
retinenei and vitamin Ai in a cycle found almost universally in the rods of 
vertebrate retinas. All terrestrial vertebrates and all marine fishes so far ex- 
amined except the Labridae possess this system. The true freshwater fishes, 
however, have evolved a different retinal cycle, compounded of the purple 
photopigment porphyropsin, with retinene 2 and vitamin A 2 (Wald, 1936-39). 

For this reason a special interest attaches to the situation in the euryhaline 
fishes, which, though usually restricted in spawning either to the sea (catadrom- 
ous) or to fresh water (anadromous) can exist otherwise in both environments. 
One may expect a distinctive distribution of visual systems within this 
group; and these animals alone, since they pass readily from one environment 
to the other, permit a test of whether the visual system is fixed genetically or 
varies with the history of the individual. 

A survey of the eye and liver vitamins A of several euryhaline fishes has al- 
ready been reported (Wald, 1938-39a). The retinas contain either mixtures 
of both vitamins A, in which that commonly associated with the spawning 
environment predominates; or exclusively the spawning type of vitamin A. 
The vitamin A configurations of both eye tissues and liver are primarily deter- 
mined genetically, and are relatively independent of the environment. 

The present paper is concerned with an examination of the visual systems 
of certain euryhaline fishes: the anadromous salmonids, white perch and 
alewife; the catadromous eel; and the killifish, which verges on the catadromous 
condition. 

/. Methods 

The methods used in this investigation arc identical with the jviously 

(Wald, 1936-39). Photopigments were extracted with aqueous digitonin solution 
from dark adapted retinas previously hardened with alum and neutralized with 
phosphate buffer. The absorption spectrum of rhodopsin prepared in this way is 
maximal at about 500 m/x, that of porphyropsin at about 522 m/x. 

* This research was supported in p)art by a grant from the Milton h und of Harvard 
University. I am indebted also to Mr. J. Arthur Kitson of the Division of Fisheries 
and Game, Department of Conservation of the Commonwealth of Massachusetts, 
for gifts of live pond and hatcheries fishes. 
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The carotenoid components of the retinal cycle were examined in a standardized 
procedure, which yielded the data shown in Figs. 1, 2, 4, and 6. Retinas were ex- 
tracted by shaking with petroleum ether (benzine) in three singular states: (1) dark 
adapted; (2) immediately on exposure to bright light, which bleaches the photopig- 
ments to orange products; and (3) after 1 hour at room temperature following irradia- 
tion, during which the retinas fade to colorlessness. In stenohaline marine or fresh 
water fishes respectively, the dark adapted tissues yield small residual amounts of 
either vitamin Ai or As. The just irradiated retinas yield large q^uantities of retinenei 
or retinenes, liberated in the bleaching of photopigment. Extracts of bleached and 
completely faded retinas contain large amounts of vitamins Ai or As, formed from the 
retinenes during the fading process. In each case, the benzine extract was trans- 
ferred to chloroform and tested by mixing with antimony chloride reagent. In this 
reaction, the retinenes and vitamins A yield blue colorations due to absorption bands 
in specific positions: retinenei at 664 m/i, retinenes at 705 m/x, vitamin Ai at 615-620 
m/i| and vitamin As at 693-696 m/x. 

All spectra but those of Fig. 7 were recorded automatically with Hardy's photo- 
electric spectrophotometer at the Massachusetts Institute of Technology. The 
spectra of Fig. 7 are transcriptions of similar recordings. Absorptions are expressed 
as percentage absorption, 1 — 7//o, in which /q is the incident and I the transmitted 
intensity; or as extinction or optical density, log /o//. 

II. Salmonids 

Members of three different genera of the family Salmonidae have been 
examined: the brook trout, Salvelinus fotUinalis] the rainbow trout, Sdmo 
ifideus\ and the chinook or king salmon, Oncorhynchus tschawytscha. All these 
fish are anadromous and hence potentially migratory. All of them, however, 
can, and on occasion do pass their entire life cycles without detriment in fresh 
water. They are to be regarded as fresh water fishes which — since euryhaline — 
can migrate seaward. The chinook salmon performs this migration commonly, 
the brook trout more rarely, becoming in the process a sea trout, and the rain- 
bow trout most rarely of all. It should be noted, however, that the fish used 
in the following experiments were obtained from a hatchery, and had never 
left fresh water. 

These fish all possess mixtures of the rhodopsin and porphyropsin systems, 
predominantly the latter. This is shown most clearly in tests of the retinal 
carotenoids. Data from the brook trout and salmon are shown in Figs. 1 and 
2; those from the rainbow trout are very similar in appearance. Extracts of 
dark adapted retinas, tested with antimony chloride, 3 deld low absorption 
q)ectra, displaying a small vitamin Ai inflection at about 620 m/x and a much 
higher vitamin As band at about 696 m/x (Figs. 1 and 2, curves a). Similar 
extracts of just irradiated retinas in which the photopigments had been bleached 
to orange products yield high, peculiarly broad bands, maximal at 686-691 m/x, 
due to fusion of the absorption bands from retinenei and retinenes, at 664 and 
705 m/x respectively (curves 5). Bleached retmas which had been allowed to 



GEORGE WALD 


237 


fade before extraction yield high double-banded absorptions, displaying a large 
vitamin A 2 and a smaller vitamin Ai component (curves c). The location of 
the vitamin Ai band on the shoulder of the vitamin A 2 absorption shifts its 
maximum somewhat toward the red. The proportions of both vitamins in 
these extracts have already been reported (Wald, 1938-39 a), dearly both 



Fig. 1. Spectra (jf the antimony chloride reaction with benzine e.xtracts ol seven 
Chinook salmon retinas: ((/) dark adapted; 0 ) on irradiation with bright daylight; and 
{() after 1 hour at room temjierature following irradiation. 


of them, but predominantly vitamin A 2 , participate actively in the retinal 
cycles of these iishes. 

The duplex character of these visual systems is reflected also in the absorp- 
tion spectra of their photopigments (Fig. 3). 'Fhe photopigment absorption 
maxima occur at 510 -515 m^t, approximately halfway between those of rhodop- 
sin (500 mjLt) and of porphyropsin (522 m/x). They rej)resent mixtures of both 
pigments. 

I'he bleaching of brook trout photopigment is also shown in Fig. 3. This 
is intermediate at all stages between the bleaching of rhodopsin and of por- 
phyropsin described previously (Wald, 1937-38; 1938 396). 




238 


VlbUAL bYSTliMS OF KURYll ALIN V, FlSlUsS 


HI. Eel and Killifish 

The so called freshwater eel, Anguilla roslrata, is a typically catadromous 
fish. It spawns in sea water of j^reat depth and salinity, and ordinarily enters 
fresh water after more than a year of marine existence. Its history therefore 
is directly the reverse of that of the salmonids — it is essentially a marine fish 
which euryhalinity permits to migrate into fresh water. 



VfQveten^t/i 

Fkl 2. Spectra of the antimony chloride reaction with extracts of seveji brook 
trout retinas. ( )therwise as in Fig. 1 . Curve a is raised above its correct level due to 
turbidity of the .solution. 

The eel, like the salmonids, possesses a mixture of the rhodopsin and por- 
phyropsin systems, but in reverse projwrtions. This is demonstrated in Fig. 4. 
F)ach of the spectra in this figure resembles a mirror-image of its analogue in 
Figs. 1 and 2. (Curves a and c display the bands of both vitamins A, in this 
case with the Ai band dominant and in the correct position, while the A 2 band 
is^shifted toward shorter wavelengths by its location on the rising limb of the 
Ai absorption. Similarly, the maximum of the fused band of the retinenes 
(curves c) occurs in this case at 672 674 m/x, close to the band of the dominant 
retinenei. 
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Absorption spectra of eel photopigment solutions arc shown in Figs. 5 and 7. 
Though these preparations contain an admixture of porphyropsin, their maxima 
occur at 498 and 502 m/jL, within the range of rhodopsin maxima. The bleach- 
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Fig. 3. Spectra of photopigments from salmonid retinas.^ All these fish were 
yearlings, about 7-8 inches long. The total extracts in 4 cc. of digitonin solution 
were measured in a layer 1 cm. thick. I. height chinook salmon retinas. II. Six 
rainbow trout retinas. III. a, six brook trout retinas. This solution was exposed 
to bright light for \ minute and its s|XJCtrum thereafter re-mcasured in darkness, 
6 at 1.7 minutes, c at 4.5, d at 13.7, and e at 60.5 minutes (26.7'‘C.). /is the control 
spectrum of the solvent alone. 


ing of eel photopigment, shown in Fig. 5, also closely resembles that of 
rhodopsin. 

It is clear that the eel, in accord with its catadromous nature, possesses a 
mixture of both the rhodopsin and porphyropsin systems, with a great pre- 
dominance of the former. 
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'Fhc killifish, Fiindulus JielerodUns, is remarkable in being euryhalinc botli 
as em\)ryo anti aduU. Indeed its embryo is reported to develop and hatcli 
normally even in distilled water (Locb and t'alteU, 1^)15). Ct)nceivab\y, 
Ihcreforc, this lish might spawn in either salt or fresh water, and so cannot be 
classed strictly as either anadromous or catadromousJ Actually it inclines 
markedly throughout its life cycle toward the sea. It is commonly regarded 
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Fk;. 4 Spectra of the antimony chloride reactk)n with extracts of seven eel retinas. 
Otherwise as in Fig. 1. Due to lluctuation in the spectrophotometer record, curve h 
was re-drawn. 


as marine, and only rarely penetrates to fresh water. 1 know of no record of 
its spawning in fresh water. Ordinarily it maintains a stable if equivocal 
position close to shore and in tidal parts of streams; and this appears to be due 
as much to a predilection for shallow as for brackish water (c/. Bigelow and 
Welsh, 1924). In fresh water in the laboratory, it usually survives only a 
matter of several weeks, but this circumstance is complicated by its great sus- 

^ Dr. F. N. Warner of Ohio State University informs me, however, that he has 
attempted to fertilize Fumlulus eggs in tap water without success, apparently hecaust^ 
this medium rapidly inactivates the sperm. 
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cei)tibility while in this medium to fungal attack, notably by Saprolegnia 
(Sumner, 1905). Among euryhaline fishes it is certainly much closer to the 
catadromous than to the anadromous way of life. 

The visual system of Fundulus closely resembles that of the eel. A spectrum 
of its photopigment was published among those of permanently marine fishes 
before its peculiar status had been appreciated; significantly, in this collection 
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Fig. 5. 1. a, Spectrum of photopigment from the retinas of a single eel, 26 inches 
long, in 4 cc. of digitonin solution, measured in a 1 cm. layer. Following 20 seconds 
exposure to bright light, the spectrum was re-measured in darkness, b at 1.5 minutes, 
r at 4.0, d at 6.3, c at 17,7, and / at 37 minutes. The preparation was re-irradiated 
or 20 seconds, and at 30.5 minutes yielded curve g (pH 6.3; XI°C.) II. Spectrum 
of photopigment from ten killifish. This preparation was irradiated for 30 seconds, 
and spectra re-drawn in darkness, b at 1.7, c at 4.0, and d at 31 minutes (pH 7.0). 

of otherwise pure rhodopsin spectra that of Fundulus occupies the extreme long 
wavelength position, with a maximum at 502 mjjL (Wald, 1937-38, Fig. 1). 
The spectrum of another preparation, maximal at about 505 m/x, is shown in 
Fig. 5. Fundulus spectra in general vary within about the same range as those 
of the eel (Fig. 7). That they represent mixtures of both rhodopsin and por- 
phyropsin is shown by examination of the retinal vitamins A. An extract of 
bleached and faded retinas tested with antimony chloride displays the bands 
of both vitamins Ai and A 2 with the former greatly predominant. 
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IV. White Perch and Aleivije 

The white perch {M or one americand) and the alewife {Pomolobus pseudo- 
harengus) are typically anadromous. Unlike the salmonids eacli of them 
possesses close relatives among permanently marine forms. The visual sys- 
tems of two of the latter have already been described: the black sea bass, a 
serranid like the white perch; and the common herring, a clupeid like the ale- 
wife (Wald, 1936-37; 1938-39 a). Both possess pure rhodopsin systems. It 
is all the more remarkable that their anadromous kin display precisely the 
opposite situation. 



Fig. (i. Spectra of the antimony chloride reactk)n with extracts of six white perch 
retinas. Otherwise as in Fig. 1. 

The photopigment of the white perch retina has already been examined 
(Wald, 1938-396). It possesses the usual properties of porphyropsin (Fig. 7). 
That it includes no admixture of rhodopsin is confirmed by examination of the 
carotenoid cycle (Fig. 6). This reveals bands due only to vitamin A 2 and 
retinenc 2 , with no trace of their analogues in the rhodopsin system. 

In the alewife only extracts of light adapted retinas to which the pigment 
epithelia were attached have been examined. They show the presence of 
vitamin A 2 alone, with no trace of Ai (Wald, 1938-39a). This observation has 
been confirmed repeatedly with fish taken from brackish water at the beginning 
of their spawning migration from the sea, and therefore in a condition which 
might maximally favor the presence of vitamin Ai. 
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V. DISCUSSION 

It may be concluded that many euryhaline fishes give retinal evidence of 
their euryhalinity in possessing mixtures of the rhodopsin and porph3rrop8in 
systems; and of their anadromous or catadromous natures in having predom- 
inantly the ^tem ordinarily associated with the spawning environment. The 
latter tendency is pursued to completion in fishes like the white perch and 
alewife, which possess the spawning-type of visual ^tem alone. A remark- 



Fig. 7. Spectra of photopigments from various fishes, illustrating the transition 
from an exclusively rhodopsin to an exclusively porphyropsin system. The per- 
manently marine dogfish p>ossesses rhodopsin alone, the catadromous eel and ap- 
proximately catadromous killifish predominantly rhodopsin, the anadromous brook 
trout predominantly porphyropsin, and the anadromous white perch p)orphyropsin 
alone. 

able parallelism obtains, therefore, between a graded series of salinity relations 
and of retinal components. This is illustrated in Fig. 7 . Beginning with 
rhodopsin from a permanently marine elasmobranch, the spectrum of retinal 
photopigment precesses regularly toward longer wavelengths in preparations 
from the eel, a marine fish which migrates into fresh water; the killifish, a stable 
brackish water form; the brook trout, a fresh water fish which enters the sea; 
and the white perch, an anadromous fish which has completed the transition to 
porphyropsin. 

It is important to recall that the Labridae, all permanently marine, consti- 
tute one already known exception in this distribution. The retinas of the tautog 




244 


VISUAL SYSTEMS OF EURYHALIME FISHES 


(TaiUoga onUis) and cunner ( Tautogolabrus adspersus)^ like those of anadromous 
forms, contain a great predominance of vitamin A| (Wald, 1938-39 a; unpub- 
lished observations). Yet both are obligate marine fish. I have confirmed 
Sumner’s observation (1905) that both species die within several hours in fresh 
water. The linkage between osmotic habit and type of vitamin A metabolism, 
therefore, while remarkably complete, is not absolute. 

These patterns are genetic, and to a first approximation independent of the 
environment (Wald, 1938-39 a\. The duplexity of visual systems of sahnonids 
raised exclusively in fresh water; the great predominance of rhodopsin in the 
eel after years of fresh water existence, and of porphyropsin in the permanently 
marine Labridae; the directly opposed systems of the closely related herring 
and alewife after long periods in the sea; and other similar observations all lead 
to this conclusion. Whatever genetic factors govern the salinity relations of 
these animals simultaneously determine the composition of their visual systems. 

The latter have therefore a phylogenetic rather than an ontogenetic signifi- 
cance. In this sense, it is possible that the euryhaline fishes represent transi- 
tional stages in evolutionary migrations between fresh water and the sea. 
This view, if valid at all, furnishes no hint of the direction of migration. Dis- 
regarding other types of information, the eel for example might equally well 
be regarded as a marine fish which has become euryhaline preparatory to its 
transition to fresh water; or as a fish which, having all but completed migration 
to the sea, retains euryhalinity as a vestige of previous fresh water existence. 

Finally the euryhaline fishes provide a retinal situation of peculiar theoretical 
interest for color vision. Rhodopsin and porphyropsin, both rod pigments, 
probably play no direct role in this function; yet they provide an exact model 
of the kind of variation in visual systems which should meet the peripheral re- 
quirements of hue discrimination (Wald, 1938-396). The model is completed 
in those euryhaline fishes which possess mixtures of both systems. In this 
respect, though possibly in no other, these animals have satisfied one basic 
requirement of dichromatic vision. 


SUMMARY 

1. The retinas of all marine fishes so far examined except the Labridae, and 
of all terrestrial vertebrates contain the rhodopsin system alone; those of fresh 
water fishes the porph)n:opsin system alone. In the present paper the visual 
systems of a number of euryhaline fishes are examined — ^fishes capable of 
existence in a wide range of salinities, though usually restricted in spawning 
either to the sea (catadromous) or to fresh water (anadromous). 

2. The retinas of the anadromous salmonids (brook trout, rainbow trout, 
and Chinook salmon) contain mixtures of the rhodopsin and porphyropsin 
systems, predominantly the latter. The retinas of the catadromous eel and 
the killifish also contain mixtures of both systems, but in reverse proportions. 
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The retinas of the anadromous white perch and alewife contain the porphy* 
ropsin :^tem alone. 

3. There is therefore an extensive parallelism between the salinity relations 
of these animals and the composition of their visual systems. All of them 
possess predominantly or exclusively the visual S 3 r 8 tem commonly associated 
with the environment in which the fish spawns. 

4. These patterns are fixed genetically, and are to a first approximation in- 
dependent of the history of the individual. Th^ may represent transitional 
stages in the evolutionary migration of fishes to and from the sea. The pres- 
ence of both types of visual system in the retinas of some euryhaline fishes inci- 
dentally satisfies one formal requirement of two-component color vision. 

REFERENCES 

Bigelow, H. B., and Welsh, W. W., Fishes of the Gulf of Maine, Bull. Bureau Fisheries* 
1924, 40, pt. I. 

Loeb, J., and Cattell, McK., The influence of electrolytes upon the diffusion of 
potassium out of the cell and into the cell, J. Biol. Chem.y 1915, 23, 41. 

Sumner, F. B., The physiological effects upon fishes of changes in the density and 
salinity of water. Bull. Bureau Fisheries y 1905, 26, 53. 

Wald, G., Pigments of the retina. II. Sea robin, sea bass, and scup, J. Gen. Physiol.y 
1936-37,20, 45, 

Wald, G., On rhodopsin in solution, J. Gen. Physiol., 1937-38, 21, 795. 

Wald, G., On the distribution of vitamins Ai and A 2 , J. Gen. Physiol., 1938-39 a, 
22, 391. 

Wald, G., The porphyropsin visual system, J. Gen. Physiol., 1938-395, 22, 775. 




THE EFFECT OF TEMPERATURE AND OF LYSIN 
CONCENTRATION ON THE ACCELERATION 
OF HEMOLYSIS* 
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This paper, which contains a continuation of work described in two others 
(Ponder, 1939; Ponder and Hjonan, 1939), falls into two parts. The first 
deals with the effect of temperature on the magnitude of the acceleration of 
hemolysis; the second deals with the behavior of the ^^acceleration constant” R 
when the as 3 nnptotes of the time-dilution curves for the standard system and 
for the accelerated system are approached, and with some curious relations 
which arise. 


i. The Effect of Temperature 

To find the effect of temperature on the acceleration of hemolysis produced 
by benzene derivatives, I have set up systems containing 0.8 cc. of various 
dilutions of saponin (1 in 10,000, 1 in 20,000, etc.), 0.8 cc. of saline (1 per cent 
NaCl), and 0.4 cc. of a standard suspension (the thrice washed cells of defibri- 
nated rabbit blood finally suspended in 20 cc. of saline). The times for hemol- 
ysis in these systems give the standard curve (S in Fig. 1). A second set of 
systems is set up, the only difference being that 0.8 cc. of an accelerator {e,g, 
10 mM/1. benzene) is substituted for the 0.8 cc. of saline in the standard sys- 
tems. The times for complete hemol 3 ^is in this second set of systems give the 
accelerated curve (A in Fig. 1). 

Standard curves and accelerated curves can be obtained at different tem- 
peratures by using a series of water baths (12®C., 2S®C., 39"^!!., e^c.); in this 
way all the observations can be made on one sample of blood. The curves are 
subsequently analyzed, and Fig. 1 shows in a general way how R, a constant 
which measures the acceleration, is obtained (see Ponder, 1934 a). 

The results for three quite powerful accelerators are shown in Table I. It 
should be pointed out that the values of R which are given are those in the 
range in which R is constant, and in which the concentration of lysin is rela- 
tively great (see below). Each R value represents the mean of from 5 to 7 
points on the curve. All the accelerators were in solution in 1 per cent NaCl. 

*This investigation was carried out under a grant from the Simon Baruch 
Foundation. 
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In each case the value of R shows a negative temperature coefficient. Since 
the evidence is that the acceleration of lysis takes place in the neighborhood of 
the cell surfaces, and since the amount of acceleration is generally proportional 
to the amount of accelerator, the result points to the accelerators being concen- 
trated at the cell surface by a process which has a negative temperature coeffi- 
cient (followed by a combination with membrane components and with lysin). 



Fig. 1. Ordinate, l 3 rsin dilution and concentration in micrograms; abscissa, time in 
minutes. Standard time-dilution curve marked S, and accelerated curve marked A. 
The dotted lines show two concentrations which produce lysis in the same time, from 
the ratio of which R is derived. 


TABLE I 


Substance 

Concentration 

39*C. 

25*C. 

12*C. 

Benzene 

MM/i. 

10 

n 

0.67 

0.46 

Indol 

1 

mSEM 

0.32 

0.21 

Nonyl alcohol 

0.5 

■B 

0.62 

0.46 


This agrees with conclusions 4 and 5 in a recent paper (Ponder, 1939) ; viz., that 
benzene is concentrated at the red cell surface, that it can be washed off without 
leaving permanent effects if the washing is done immediately, but that ir- 
reversible effects remain if some time is allowed to elapse before the washing. 
Indol is concentrated similarly. 

2. The Effect of Lysin ConcetUraiion 

If one uses a l 3 rsin such as saponin together with a powerful accelerator such 
as saturated indol, one can plot a standard time-dilution curve for the saponin 
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alone and an accelerated curve for saponin plus indol, and so one can 
the acceleration by evaluating R in the usual way. It wi t en .1 

R is substantially constant while the concentration of lysin is grea 
concentration corresponding to the asymptote of the Standard CUrvC, U 
when the concentration in the system is less than the asymptotic conCdntrstJOR 
for the standard curve; i.e., when there is not enough lysin to produce lysis 
per se in the absence of the accelerator, the value of R falls off towards unity. 
The limit of the analysis is obviously the as5nnptote of the accelerated time- 
dilution curve. 

This is shown in Table II and in Fig. 2. This figure shows the sharp change 
in direction of the curve in the neighborhood of a lysin concentration corre- 
sponding to the asymptote of the standard curve (22 7). What impresses one 
is that from a lysin concentration present in the system originally, and upon 
which indol acts as an accelerator, of 2OOO7 to about 33 y, the acceleration, as 
measured by Ry is constant and the values fall on a vertical straight line, while 
all but one of the points below 337 f^^h on another straight line passing through 
the origin R = 1 . 0 . On general principles, I do not think that the results are 
really represented by two such straight lines, for this involves the idea of 
complete discontinuity, but in the first instance it is convenient to treat them 
as if they were. 

Call the concentration of lysin in the standard system If no accelerator 
is added, plotting values of \/c» against the times which they take to produce 
complete hemolysis gives the standard time-dilution curve. If an accelerator 
is added, the concentration of lysin, as judged by the time for complete hemol- 
ysis, appears to be not c«, but the smaller concentration Ca, which is accelerated 
or “potentiated” by the accelerator. Let 


Ca/Ct * R 


( 1 ) 


While Ca>c«oo (the asymptotic concentration of the standard curve) jR is a 
constant J?o, but when Co<c,«, R increases as Ca decreases; f.c., the acceleration 
becomes less. The values of Ca now lie on the straight line passing through 
R = 1 . 0 . If the slope of the line is = (c,oo/l — J^o), 


and 

or 

and so 


Ca - kiX - R) 

R - (1 - Ca/k) 

R ■■ 1 -- Ca(l ““ Ro)Cfw 
Ca ■■ C«(l Cafl^ 


(2 a) 
( 2 » 
(2r) 
( 3 ) 


There must be one value of Ca which makes c® = in expression ( 3 ) ; i.a., there 
must be one concentration of l)rsin which, when accelerated by the added Indol, 



TABLE n 
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appears to be equal to the asymptotic concentration for the standard 
curve.* This value is 


- l/dA^ + 1/k) (4) 

The same conditions must apply to the asymptotic concentrations as to other 
concentrations less than <;««, so 

^•m “ ^iwCl “ Cm/k) (5) 

Again there must be one value of Ca which satisfies the conditions, and this 
value is the same as that in expression (4). Substitution in expression (5) of this 
value gives Cato, so the concentration of lysin which, when accelerated, appears 
to be equal to the asymptotic concentration in the standard s3rstem is the 
asymptotic concentration in the accelerated system. 


TABLE m 
- 22yt Ro - 0.3S 
k - (22/0.65) - 33.9 



^m$ y 

R 

(!-«) 

Ca/R 


22.0 

0.3S0 

0.650 

63 

1.0 c.. 



0.650 

62.9 

0.9 e.. 

19.8 


0.585 

47.7 

0.8 

17.6 


0.520 

36.7 


15.4 

0.545 

0.455 

28.5 

0.6 e,. 


0.610 

0.390 

21.6 

0.5 Ca^ 


0.675 

0.325 

16.3 



and so on. 



To set forth these relations in a somewhat different way, let us tabulate in 
Table III the data contained in Table II. 

In an accelerated system the concentration c® put into the system together 
with the accelerator experiences an acceleration jR, and acts as if it were the 
greater concentration c, = Ca/jR (expression 1). Looking at the last column of 
Table III, we see that the concentration apparently actinpmay be indefinitely 
greater than 227 when Ca is great, but that, as Ca becomes smaller, there comes a 
point where Ca/X = 227, the value of the asymptote c,ao of the standard system. 
Expression (4) gives this value of c®, which is 13.337. This corresponds to the 
asymptote for the accelerated system; if c® is less than 13.337, the value of R 

*The nomenclature in the literature is neither completely satisfactory nor used 
uniformly. Sometimes ci is used as referring to the standard curve and sometimes 
to the curve which is compared with it, and the measure of acceleration or inhibition 
is sometimes given as R, sometimes as l/R^ and sometimes as 1 — -R, as may be con- 
venient. The nomenclature which I have used in this paper is intended to be self- 
consistent, but even so some of the expressions, such as (4) and (5), are very trouble- 
some to derive. 
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associated with it is not sufficient to raise its ix)tency to that of 22y, and 
complete lysis never occurs. 


DISCUSSION 

The point which obviously requires explanation is that the acceleration R is 
constant as long as enough lysin is introduced into the system to produce lysis 
per scy but that if a lesser amount is present the acceleration is reduced in 
proportion. 

The simplest way of approaching the explanation which I propose is to begin 
with Gorter’s observation (1937) that the amount of saponin which is just 
enough to produce complete hemolysis is just enough to cover the cell surfaces 
with a monolayer. In the absence of an accelerator, this complete covering 
will occur when the concentration of lysin is Csoo or greater; when the concen- 
tration is less, covering will be incomplete. Now if we assume that an accel- 
erator produces its effect only at regions of the cell surface at which lysin is 
acting, 2 the acceleration will be constant for and for concentrations greater, 
but for concentrations less than where there is incomplete covering, the 
acceleration will be proportionately reduced. This is what is found. 

There is, however, considerable doubt as to the interpretation to be placed 
on Gorter’s observation. In 1930 I arrived at a somewhat similar result for 
the case of sodium oleate; taking the minimum quantity of lysin needed for 
complete lysis on the one hand, and the dimensions of the oleate molecule on 
the other, I found that the molecules available for each cell would just about 
cover the cell surface (Ponder, 1930). But, as in the case of Gorter's result, 
the figure is a maximum value, for a large proportion of the lysin combines 
with liberated hemoglobin and other cell contents, and the lysin continues to 
react with the ghosts of the cells which hemolyze first. Thus if the total 
amount of lysin needed for complete hemolysis turns out to be just enough to 
cover the cell surfaces, the reaction which results in lysis must take place at a 
smaller surface than the whole surface. Further, lysins such as saponin are 
not taken up by the cells immediately, and a considerable proportion is always 
to be found in the suspension fluid (Ponder, 1934 6, 1935), while the photo- 
dynamic lysins erythrosine and eosin, the saponins smilacin and helleborein, 
and many of the soaps are lytic only in concentrations much greater than 
required to form monolayers at the surfaces of the cells of the systems. These 
constitute additional difficulties in the interpretation of Gorter's observation. 

Alternatively, let us look at the evidence which suggests that lysis can occur 
when the cell surface is incompletely covered, the membrane breaking down in 

^ The localization of the action of the accelerator at the cell surface is based on quite 
good experimental evidence (Ponder, 1926^, 1939, and the first section of this paper). 
In the case of certain inhibitors the situation is different, for the inhibitor reacts with 
the lysin in the suspension medium (Ponder and Gordon, 1934), 
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spots, and the hemoglobin escaping through holes. The idea was originally 
put forward in 1930 by Abramson, who showed that sheep cells sensitized by 
amboceptor retain their electrical mobility unchanged although they are 
hemolyzed by the subsequent addition of complement; this led him to suggest 
that the lytic process may be restricted to certain spots on the surface (“key 
spots”), too few in number to be detected by a change in mobility. “This 
hypothesis postulates that lysis takes place at isolated points on the surface 
rather than by a uniform change in membrane permeability. The hypothesis 
does not necessarily infer that these spots are structural units arranged in some 
pattern and picked out by the lysin because of their vulnerability” (Abramson, 
Gk)rin, and Ponder, 1940).* Much the same point of view has been expressed 
by Abramson, Furchgott, and Ponder (1938) in a paper describmg experiments 
which show that the mobility of rabbit red cells is not altered when they are 
hemolyzed by water, freezing and thawing, chloroform, or saponin.^ 

Before this, however, the same kind of conclusion was arrived at in a wholly 
different way. In 1934 1 published preliminary results of a study of the rate of 
escape of hemoglobin from hemolyzed red cells, and shortly afterwards Fricke 
(1934) gave a theoretical treatment in which he derived the permeability of the 
membrane to hemoglobin, jtiHi as a function of the time required for a cell to 
lose 90 per cent of its pigment, or the “fading time.” On the assumption that 
the pigment escapes through N holes of diameter d instead of uniformly across 
the entire membrane, he also obtained the product iVd as a function of the 
fading time. Ponder and Marsland (1935) ihen showed that the fading time 
is a function of the lysin concentration in the case of saponin, and later Davson 
and Ponder (1938) found that even in the case of h)qx)tonic hemolysis the 
fading time depends on the degree of hypotonicity. Ponder and Marsland 
calculated that when the concentration of lysin is great enough the reaction 
between the lysin and the membrane component would be so rapid that as 
much as 10 per cent of the entire membrane might be disintegrated before the 
end of the fading time, short as it is, but when tiie l 3 rsin concentration is small 
the situation is different. Ponder and Neurath (1937) placed cells in contact 
with monolayers of Ca-stearate, and found fading times of about ^0-15 *:econds, 
which are about the same as the fading times found for the most dilute saponin 
systems in which complete lysis occurs. (Again Ck>rter’s idea of the necessity 
of a monolayer for lysis appears.) But from the fading time the permeability 

*The complement fixation process is probably of a special type, in which the 
taking up of the complement is predetermined by the special positions of the antigen- 
antibody complexes on the surface. 

* They also found that the mobility of oil droplets or quartz particles completely 
covered with saponin (0.1 per cent) is more than twice that of ghosts in the same 
saponin concentration. This point should be borne in mind in discussing the pos- 
sibility of monolayer formation at the red cell surface. 
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of the entire membrane, /ah, or Nd^ the number of holes of diameter d, can be 
calculated, and for a fading time of 12 seconds /zh 0.186(10^) cm./sec., or 
Nd = 0,25 fjL, This last figure corresponds to one hole of diameter 2500 A, 10 
holes of diameter 250 A, 100 holes of diameter 25 A, and so on. Ponder and 
Neurath suggested 10-20 holes of diameter 250-125A as being the most likely 
to meet the requirements. It should be noticed that the combined area of such 
holes would be less than 1/10, 000th of the cell surface, and so their existence 
would not be detected by electrophoretic methods. Unfortunately, we could 
also have areas of permeability of diameter d and of finite permeability /ah 
instead of completely permeable holes, for the two possibilities, that of holes 
and that of increased permeability of the entire membrane, are not mutually 
exclusive. 

There is a close correspondence between these results and those obtained 
from measurements of conductance (Fricke and Curtis, 1935), for when lysins 
are used in low concentrations the cells, although hemolyzed, behave as virtual 
non-conductors with very nearly the same capacity as intact cells. This would 
be expected if lysis were the result of the formation of holes the combined area 
of which was of the order of 1/10, 000th of the cell surface. Saponin in large 
concentrations, however, breaks down the membrane so completely that both 
resistance and capacity disappear. 

In the last resort, we have to turn to those cases in which the lysin brings 
about hemolysis in quantities too small to cover the cell surface. I have 
already remarked that, despite the results of spreading experiments, there is 
considerable doubt as to whether the smallest lytic quantities of sodium oleate 
and of saponin are sufficient to cover the cell surface with a monolayer, but the 
case of rose bengal leaves no doubt at all. This photodynamic lysin will 
produce hemolysis in a concentration of 1(H m in the light (Blum, 1935); 
taking an in vitro hemolytic system with 2.(10*) cells in a volume of 10 cc. of 
10^ M rose bengal, we have a total surface of about 2.(10'®) /a*, and about 
3.(10*) molecules per /a*. If the area covered by each dye molecule is 1,000 
A®, only about Vwth of the cell surface would be covered by the dye, even 
if all of it were concentrated at the cell surface, which it is not.* Calculating 
similarly for erythrosin, which produces lysis in a concentration of lO"’^ m 
in the light, about Hrd of the cell surface might be covered, but again this is a 
maximum estimate. The same conclusion is arrived at by considering the 

* The shape of the rose bengal molecule when at the red cell surface is not known. 
Its molecular weight is about 1000; remembering that the serum albumin molecule, 
with a molecular weight of about 67,000 and some as 3 nnmetry, has a surface of about 
9,000 A®, 1000 A® is probably an over-estimate of the surface of the dye molecule. It 
may be mentioned here that there is some legitimate objection to the use of rose bengal 
^s an instance of a lysin which does not cover the cell surface, for the lysis is due, 
strictly speaking, to an oxidative process induced by the light to which the system 
containing the dye is exposed. 
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acceleration of saponin hemolysis, for benzene and ^-di-brom-benzene produce 
considerable acceleration when there is only enough present to cover a part 
of the cell surface, even if all the available molecules are concentrated Aete 
(Ponder, 1939). 

Because l}rsis occurs at spots or patches in the membrane, and because pig- 
ment escapes through holes, it does not follow, however, that the lysin acts 
only at these spots or patches. On the contrary, we suppose that it acts all 
over the membrane provided that it is present in sufficient concentration to do 
so, and combines with a membrane component or components in order to 
produce breakdown (Ponder, 1926 a; Ponder and Yeager, 1930). If we sub- 
scribe to the all-or-none law in relation to hemolysis (Sa^ow, 1929; Parpart, 
1931), the first question is whether there is enough lysin in any given system 


N 



Fig. 3. Diagrammatic frequency distribution for resistances of various areas in the 
cell membrane. For explanation, see text. 

to break down even one spot. In the case of any one red cell, we can suppose 
that the membrane is made up of areas of different degrees of resistance to the 
lysin, and that the resistance of these areas is distributed according to some 
form of frequency curve. This resistance is measured by the amount of lysin 
X required to break down the area, and, for simplicit 3 r’s salih, may be thought 
of as the thickness of the membrane at the area under consideration, the thick- 
ness var 3 dng from area to area. There will then be a few areas of least re- 
sistance xi, many of mean resistance Xmj and a few of greatest resistance Xg, but 
the resistance xi is not zero, so the frequency distribution will be something 
like that in Fig. 3. The lytic reaction, or the “fundamental proceM,” is a 
function of time, 

dx/dt - kSie - *)» (6) 

SO a time t must elapse before the quantity of lysin xi is transformed as a result 
of its reaction with the membrane component, and before the weakest areas 
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break down. If hemol 3 rsis of the single cell is all-or-none, ly^is will begin at this 
time, pigment escaping at such a rate as to give a fading time/. Meanwhile, 
even during this brief fading time, the fundamental process is proceeding all 
over the surface, next involving areas a little more resistant than xi, then areas 
more and more resistant, and, if the concentration c of lysin is great enough and 
the fundamental reaction fast enough, destroying as much as 10 per cent of the 
membrane component within the fading time itself (Ponder and Marsland, 
1935).* After the cell has hemolyzed the reaction continues by the lysin 
combining with the material of the ghost, to cease only when Xg has been trans- 
formed or the lysin exhausted.^ In general, the number of holes N produced 
at any time % can be found by solving expression (6) simultaneously with 

N F(x)-dx ( 7 ) 

F(x) being the frequency distribution referred to nc = 0, and not to Xm, as 
origin. 

In any experimental hemolytic system, of course, the lysin is reacting with 
other cells at the same time. Each of these has areas of least resistance xiy of 
mean resistance Xm, and of greatest resistance Xgy but, since the individual cells 
have different resistances to the lysin, the various values of xi are themselves 
distributed according to some form of frequency distribution, and the same for 
all the values of Xm, Xg, etc. It is these frequency distributions which are in- 
volved in the calculation of percentage hemolysis curves by the simultaneous 
solution of equations exactly like (6) and (7), the one for the fundamental 
reaction rate, and the other for the distribution of resistances (Ponder and 
Yeager, 1930, equations 3 and 5).* 

• Because a cell can hemolyze in a system of low lysin concentration when only 
about 1/10,000 of its surface area is broken down to form a few small holes, it must not 
be supposed that such a small amount of destruction occurs when the amount of lysin 
is great. This point seems to give rise to some difficulty, as also does the idea of a 
lysin acting over the entire surface but producing lysis only at spots. The rusting of a 
tin can provides a very useful analogy. 

^ The reaction with the ghosts proceeds with a falling velocity constant and the 
equilibrium conditions are peculiar (Ponder, 1935), but these complexities do not 
affect the present argument. 

* Historically, the idea of a frequency distribution of the resistances of areas in the 
individual cell membrane is only a further extension of the idea of discontinuity in 
hemolytic systems. In the first quantitative treatment of the kinetics of hemolysis, 
Arrhenius treated the cells as if they were molecules, and wrote the velocity of the lytic 
reaction as a function of the number of cells remaining unhemolyzed. This is all the 
more strange, as Arrhenius emphasized the importance of variation in cell resistance 
ih several other connections. The idea of variation in resistance and of a funda- 
mental reaction between the lysin and the cell surface was first clearly incorporated 
into the kinetics by Brooks (1919), and later developed by me. 
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If the lysin is present in concentration less than c«oe, even the weakest areas 
do not break down, for xi is not transformed. Further suppose that the cell 
surface is incompletely covered; e.;., that only 1/lOth of it is covered. This 
will make no difference to the application of expression (7), for an area as great 
as 1/lOth is certainly an almost perfect sample of the whole,* but the concen- 
tration of lysin will be reduced to 1/lOth, and this will affect both the rate and 
the position of the asymptote in expression (6) by changing the value of the 
term {c — x). 

If an accelerator is present imder such circumstances, its effect will be to 
increase the activity of the lysin by 1/1?, so that a sub-lytic concentration 
becomes lytic if it is greater than the value given by expression (4). But, since 
the surface is incompletely covered, the effect of the accelerator is reduced in 
proportion because it cannot affect a lysin which is not there to be affected; 
otherwise the reaction proceeds as before. 

The falling-off of the acceleration in systems containing less lysin than 
accordingly leads to the idea of hemol 3 rtic systems in which the cell surface is 
incompletely covered with lysin, while at the same time we undoubtedly have 
many cases (e,g, eosin, sodium stearate, smilacein, and, indeed, the majority 
of the less powerful lysins) in which the smallest amount of lysin needed for 
hemolysis is enough to cover the cell surfaces many hundred times. At this 
point we have to return to the beginning of the argument and define what we 
have been speaking of as ‘‘covering.” The idea of monolayer formation will 
not do, so, remembering that the argument has been based on “complete 
covering” corresponding to c,qo, and now dropping the idea of monolayer 
formation, we can substitute for “covering” the production of a state resulting 
in the transformation of the quantity xi. This definition does not involve mono- 
layers or multilayers, but has reference to the reaction between the lysin and 
the membrane component and to that only. If the state corresponding to xi 
is reached by the lysin in concentration c, or greater and in the absence of an 
accelerator, lysis will take place (see Fig. 3), while if an accelerator is present, 
all the reacting lysin will be affected by it. If the lysin is less than c,*, xi will 
not be transformed, but the smaller amount which is transformed may be 
enough to produce lysis in the presence of an accelerator) and the smallest 
amount which can be effective in this way, and which we can call Xa, is given by 
expression (4). Under such circumstances the full effect of the accelerator is 
reduced because the reactive lysin is less than Caoo. 

* If there is only enough lysin to cover ^/lothof the surface, it will not do to suppose 
that it covers ^/loth of the surface in one great patch (as in Ponder and Neurath^s 
experiments), for the experimental results are not derivable from such a state of affairs 
by the reasoning which I have used. The necessary condition is one of discontinuity, 
in the sense that areas at which the lysin acts are separated by areas at which it does 
not. 
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This statement of the conditions covers the numerous cases in which the 
smallest amount of lysin capable of producing lysis is much greater than that 
required to cover the cell surfaces, the rarer cases in which it is much smaller, 
and those cases where, apparently coincidentally, the cell surface is just about 
covered. I think that too much emphasis has been placed on the last of these, 
perhaps because they can be so easily accounted for in the light of spreading 
experiments. The type of case which is more general, however, is the one first 
mentioned. 

Finally, on this hypothesis we are able to arrive at some idea of the form of 
the frequency distribution F(x) in expression (7); i.e., of the distribution of the 
resistances of the areas in the cell membrane. This we can do from Ponder 

N 



Fig. 4. Frequency distribution of resistances derived from Ponder and Marsland’s 
values for fading times in saponin systems. Ordinate, number of areas of a resistance 
Xf in arbitraiy units; abscissa, lysin x transformed, also in arbitrary units. For fur- 
ther description, see text. 

and Marsland’s Fig. 1, which shows the average fading time of cells selected 
at random as a function of the dilution of l 3 ^in in the system. The curve is 
sigmoid, and this ought to have suggested to us at the time that it involves the 
integral of some frequency distribution. Plotting the fading time as ordinate 
and the l 3 rsin concentration in micrograms/cc. as abscissa gives another sig- 
moid curve, which, when differentiated graphically, gives Fig. 4. This curve 
is an approximation to the form of the desired frequency distribution N = F(x). 
It is very skew. This is no doubt due in large part to both observation and 
theory being faulty for concentrations greater than about 100 micrograms/cc.^® 

* ^® Two assumptions which are made are (a) that the diameter of each of the JV holes 
is uniform, and (d) that the amount of lysin transformed during the fading time b 
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(a dilution of 1 in 10,000), but it may be a reflection of the fact that the amount 
of lysin used up at equilibrium in a system in which stromatolysis is allowed to 
proceed is very much greater than that needed to complete hemolysis (Ponder, 
1935) . If so, we have another mstance of extreme skewness in connection with 
hemolytic systems, for the distributions of the resistances of mdividual cells to 
saponin are very skew (Ponder, 1930); here again, however, there is doubt as 
to the tmderlying theory and as to whether correction terms are not required 
(Ponder, 1931, 1934 a“ and 1934 5“). We can, however, make one deduction 
from the shape of the curve. The origin JV = 0 occurs, on the scale used, at 
about 40 micrograms, while the mode occurs at about 80 mictogtams. Thus 
the amount of lysin transformed as we pass from to xw is about the aa.tn«» as 
that transformed during the “latent period;” i.e., as we pass from zero to xi. 
Further, the scatter (xm — xi)/xm is only about 0.5, which means that the 
resistance of the membrane, whfle varying from point to point, is remarkably 
uniform. This is at least in keeping with what is known about the considerable 
degree of regularity of membrane ultra-structure (Schmitt, Bear, and Ponder, 
1936, 1938). 


SUMMARY 

The acceleration of saponin hemol 3 rsis by benzene, indol, and nonyl alcohol 
has been investigated as a function of temperature, and it has been found that 
these accelerators have negative temperature coefficients. This points to their 
being concentrated at the cell surface, and to the surface being the seat of their 
accelerating action. 

It is shown that the accelerating power of indol (used as a typical accelerator) 
is constant so long as the lysin in the system is capable of producing lysis per se, 
but that the acceleration falls off when only sublytic concentrations are present. 
The relations arc expressed in a series of equations, and explained in terms of 
the reactions among the accelerator, the lysin, and the membrane component, 

proportional to the lysin concentration in the system. Both assumptions are good 
enough for a first approximation, and, after all, the curve in Fig. 4 is little better than 
the result of curve tracing. The course of the curve above the^mode is, I think, of 
very little significance, for neither the theory nor the observations are good enough. 
The apparent skewness depends a great deal on the length of the very short fadmg 
times in systems containing concentrated lysin, and a small change in the course of 
Ponder and Marsland’s curve would produce an enormous change in the course of the 
upper part of Fig. 4. Under any circumstances, moreover, the form of the frequency 
(^tribution above the mode is of little interest in connection with hemolytic systems, 
for the l)^is of any individual cell commences when xi is transformed and, except in 
the case of the most rapid reactions, must be complete by the time Xm is reached. 

P. 193 and following pages. 

“P.291. 
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which breaks down in spots, rather than uniformly, when lysis occurs. The 
argument involves a consideration of the idea that a monolayer of lysin at the 
cell surface is necessary for hemolysis, of Abramson^s hypothesis of key spots 
on the surface, of the rate of escape of hemoglobin from the hemolyzing cell, 
and of the results of electrophoretic and impedance measurements. The 
existing theory of the kinetics is extended by introducing the idea of a variation 
in resistance from point to point in the cell membrane; in this form it describes 
the situation so far as is at present known, and shows that the results of the 
various methods of investigation are consistent with each other. The only 
idea discussed which seems to have little foundation is that lysis is determined 
by the formation of a monolayer of lysm at the cell surface; when this occurs, 
it must do so only as a specid case. Finally, a semi-quantitative description 
of the frequency distribution of the resistances in the membrane is derived from 
existing data. The variation in resistance which it is necessary to assume is 
quite small, as might be expected in the case of a membrane with a regular 
ultra-structure. 


REFERENCES 

Abramson, H. A., 1930, Electrokinetic phenomena, New York, Chemical Catalog Co. 
Abramson, H. A., R. F. Furchgott, and Ponder, E., 1938, /. Gen» Physiol.^ 22, 545. 
Abramson, H. A., Gorin, M. H., and Ponder, E., 1940, Cold Spring Harbor symposia 
on quantitative biology. Cold Spring Harbor, Long Island Biological Associa- 
tion, 8, 72. 

Blum, H,, 1935, Cold Spring Harbor symposia on quantitative biology, Cold Spring 
Harbor, Long Island Biological Association, 3, 318. 

Brooks, S. C., 1919, J. Gen. Physiol.^ 1, 61. 

Davson, H., and Ponder, E., 1938, Biochem. 7., London, 37, 756. 

Fricke, H., 1934, 7. Gen. Physiol, 18, 103. 

Fricke, H., and Curtis, H. J., 1935, 7. Gen. Physiol, 18, 821. 

Gorter, E., 1937, The properties of membranes, natural and artificial, TV. Faraday 
Soc., 88, 954. 

Paipart, A. K., 1931, Biol Bull, 61, 499. 

Ponder, E., 1926a, Proc. Roy. Soc. London, Series B, 100, 199. 

Ponder, E., 19265, Proc. Roy. Soc. London, Series B, 09, 461. 

Ponder, E., 1930, Proc. Roy. Soc. London, Series B, 106, 543. 

Ponder, E., 1931, Proc. Roy. Soc. London, Series B, 110, 1. 

Ponder, £., 1934a, The mammalian red cell and the properties of hemolytic systems, 
Protoplasma Monographien, No. 6, Berlin, Gebruder Bomtraeger. 

Ponder, E., 19345, Proc. Roy. Soc. London, Series B, 116, 282. 

Ponder, £., 1935, Biochem. J., London, 29, 1263. 

Ponder, E., 1939, 7. Exf. Biol, 16, 38. 

Ponder, E., and Gordon, A. S., 1934, Biochem. 7., London, 28, 748. 

Ponder, E., and Hyman, C., 1939, Proc. Soc. Exp. Biol and Med,, 42, 320 



EBIC 70NDEK 


261 


Ponder, E., and Marsland, D., 193S, J . Gen. Physiol., 19, 35. 

Ponder, E., and Neurath, H., 1937, J. Exp. Biol., 16, 358. 

Ponder, E., and Yeager, j. F., 1930, Proc. Roy. Soe. London, Series B, 106, 506. 

Saslow, G., 1929, Quarl. J. Exp, Physiol., 19, 329. 

Schmitt, F. O., Bear, R. S., and Ponder, E., 1936, J. Cell, and Comp. Pkysioi, 
9, 89. 

Schmitt, F. O., Bear, R. S., and Ponder, E., 1938, /. CeU. and Comp. Physiol., 
11, 309. 




ANALYTICAL DIFFUSION OF INFLUENZA VIRUS AND MOUSE 
ENCEPHALOMYELITIS VIRUS 


By JAQUES BOURDnXON 

(From the Eldridge R. Johnson Foundation for Medical Physics, 

University of Pennsylvania, PhUaddphia) 

(Received for publication, June 21, 1941) 

In a recent publication, (1) a method was described for the analytical study of 
the difibision of biologically active material. The present paper reports an 
attempt to apply this method to the atudy of two animal viruses, epidemic in- 
f uenza A and mouse encephalomyelitis.^ 

Method 

In brief the technique (1) consists in placing a layer of solvent above a layer of 
solution containing the virus, allowing the latter to diffuse upwards for a few days, 
sampling at various heights, and determining the virus titer in the samples. The 
original virus concentration, expressed in lethal doses, or minimal infective doses, 
per inoculum, is Co, and C» is the concentration x centimeters above the initial bound- 
ai 3 % at the end of the experiment. In order to determine the diffusion constant D, 
log Cs/Co is plotted against x, and the theoretical curve is drawn which gives the 
most satisfactory fit. For x « 0, log Cs/Co is always equal to —0.3. (This point, 
therefore, does not have to be determined by experiment; it is indicated on the charts 
as a half circle.) The diameter d of the virus particles may then be derived from the 
diffusion constant, the assumption being made that the diffusing particles are ap- 
proximately spherical. 

In the experiments reported here, the virus concentration at the bottom of the 
diffusion cell was taken as Co. Sampling was done up to 1.2 or 1.3 cm. above the 
initial boundaiy; above this level the fluid usually still contained a trace of virus, 
but too little for quantitative titration. 

Diffusion of Influenza A Virus from MousJ Lung 
Material and Titration 

The stock material was a suspension of mouse lung tissue infected with the 
PR8 strain, prepared by grinding infected lungs with alundum and salt solution 
(usually 0.15 h NaCl or 0.04 m Na borate) so as to make a 10 per cent suspension, 
centrifuging at 2500 r.f.m. for 30 minutes, and discarding the sediment. This 
yielded a reddish turbid fluid, containing about 1 per cent protein in solution; much 

^ Part of the experiments reported in this paper were performed at the laboratories 
of the International Health Division of The Rockefeller Foundation, New York. 
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of the latter was h^oc^bin and Uood serum proteins; some was lung tissue protem, 
characterized by irreversible precipitation below pH 6. The' limiting lethal dilution 
oi the suspension for mice was about when inoculated intranasally in 0,05 cc. 
amounts. In one eaqperiment, (No. 5) the material used was more concentrated: 
The 8uiq)ension was made of 10 gm. of lungs ground with 4 cc. of mouse serum 
and 6 cc. of 0.85 per cent NaCl. The titer was about 10~*. The drop in titer of 
these preparations at 4'' was about 0.3 log after 2 to 4 days. 

For titration, serial decimal dilutions of the diffusion samples were made in 10 
per cent horse serum broth; 4 to 6 young albino mice were inoculated intranasally, 
under ether anesthesia, with 0.05 cc. of each dilution. The 50 per cent mortality 
end-point was calculated by the method of Reed and Muench (2) and based on the 


TABLE I 

Diffusion of Influenza A Virus from Mouse Lung 



DiSusinff solution 






Exp. 

No. 

Buffer 



Total 

protein 

concen- 

tration 

Control 

Diffused into 

Diffusion 

time 

Composition 

Mo- 

larity 

pH 

virus 

titer 

M.L.D. 


1 

0.12 1 C NaQ; 0.02 ic Na 

0.14 

9.5 

per cent 

1 

log 

5.3 

Water 

sec, 

188,000 

2 

borate 

0.55 u NaG; 0.02 k Na 

0.57 

9.5 

1 

5.5 

Water 

153,000 

3 

borate 

0.04 M NaCl; 0.02 h Na 

0.06 

9.7 

1 

4.5 

Same buffer 

243,000 

4 

borate 

0.025 M Na phosphate; 0.02 

0.045 

8.8 

1 

4.7 

Normal lung 

430,000 

5 

M Na borate 

0.15MNaa 

0.15 

7.4 

6 

6.0 

solution in 
same buffer 
Water 

256,000 


number of dead and surviving mice 10 days after inoculation; the virus concentra- 
tions were expressed in lethal units per 0.05 cc. 

EXPERIMENTAL 

In order to determine whether the results obtained were in any way de- 
pendent on the conditions of diffusion, the latter were varied as much as 
possible. They have been summarized in Table I. 

The approximate composition of the buffers is given in the second colunm; 
they were all alkahne, since the virus is less stable in acid medium. In Ex- 
periment 1, a small amount of stock borate buffer (pH about 9.8) was added to 
the original lung suspension; in Experiment 2, borate buffer and solid NaCl were 
added; in Experiment 3, the material was first dialyzed against the buffer 
used, before diffusion. Experiment 4 was prepared as follows: 10 cc. of in- 
fected lung suspension in 0.04 m borate was dialyzed for 3 days in the cold 
agaiiist 10 cc. of normal mouse lung suspension in 0.05 m Na phosphate; the 
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resulting pH was 8^. In this manner the salt composition and salt concentra- 
tion must have become the same in both solutions; furthermore the protein 
concentration too must have become identical on both sides, due to the osmotic 
pressure; it is also probable that the protein composition was about the same in 
the two fluids. The coarser particles were removed from the normal lung sus- 
pension by filtration through asbestos, whereas the infected suspension was 
left unfiltered. Great care was used in dialysis to avoid contamination of the 
normal fluid, which was the fluid into which diffusion was to take place. 
Finally, for Experiment 5, a more concentrated virus preparation was used, as 
described above. 

Thus, the salt molarity of the diffusing solutions ranged in these experiments 
from 0.045 to 0.57 ; the pH from 7.4 to 9.7. The total protein concentration was 
in general 1 per cent, in one case 6 per cent. Diffusion was allowed to take 
place into pure water (Experiments 1, 2, and 5); into buffer (Experiment 3); 
into buffered normal lung suspension (Experiment 4). Diffusion time was 
varied from 2 to 5 days. 


RESULTS 

The results have been plotted in Fig. 1. The ordinates give the difference 
between the titer of the control (the titer at the bottom of the diffusion cell) 
and the titer at various levels above the initial boundary; the abscissae measure 
the distance above the initial boundary. 

Examination of Fig. 1 reveals two facts: One is that the results from all five 
experiments were quite similar in spite of great differences in the conditions of 
diffusion; the other, that the values obtained obviously did not yield ideal 
diffusion curves (which should have been convex toward the upper right hand 
comer of the chart), but broken curves composed of two fairly distinct limbs. 
Since the results appeared to be completely independent of such experimental 
conditions as salt concentration, pH, presence or absence of a simultaneously 
diffusing salt or protein, one may be allowed to draw the conclusion that they 
were dependent only on the particle size of the virus in the preparation; and 
since they did not yield ideal diffusion curves, one may conclude that the virus 
was not homogeneous. > 

Whereas an attempt to fit the observed values with one curve would have 
been quite unsatisfactory, much better agreement was found when two curves 
were used, to express the simultaneous but independent diffusion of two sets of 
particles. This is shown in Fig. 1. The curves chosen for the purpose were: 
(A) a curve expressing the diffusion of particles 200 mfJL in diameter (diffusion 
constant D = 0.13 X Iff"^), starting from the axis of ordinates at — logC,/Co 
== 0.3; (B) a curve expressing the diffusion of particles 6 m/x in diameter {D = 
4.3 X 10“0 and fitting the values above x = 0.2 approximately, thus inter- 
secting the axis of ordinates about —2 or —3. 
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The curve chosen to express the diffusion of the small fraction of the virus is 
thus diqilaced downwards by an amount equal to the proportion of the small 
fraction in the total virus. This is simply because the reference concentration 
Co is that of the total virus and not that of the small fraction only. A correct 
rqiresentation of the simultaneous diffusion of two sets of particles would ob- 
viously be a single compound curve; but, as can be shown graphically, if the two 
sets are of very different sizes and in very different amounts, two curves drawn 
independently will closely resemble the correct compound curve. Indeed, it is 

-LOG 



Fig. 1. Diffusion of induenza A virus. Temperature 4®. (A); Theoretical curves 
calculated for the diffusion of spherical particles 200 mju in diameter (diffusion con- 
stant I? - 0.13 X 10" 0. (B): Same for particles 6 m/i in diameter (Z> » 4.3 X 
10“^. Curves (B) have been displaced downwards so as to fit the points corre- 
sponding to the diffusion of the fast moving fraction. Diffusion time: Experiment 1 
and 2, 2 days; Experiment 3 and 5, 3 days; Experiment 4, 5 days (c/. Table 1). 

apparent that below x = 0.3 approximately, there can be too little of the small 
fraction to affect appreciably curve (A), and, above x = 0.3, too little of the 
large fraction to affect appreciably curve (B). 

Because of the inaccuracy of the analytical procedure it is impossible to say 
whether the distribution in two distinct fractions was as clearcut as has been 
assumed, and evidently the choice which was made of diameters of 200 and 
6 m/i respectively can only be a rough approximation. But it is probable that 
the particle diameter of the large fraction must have been about 20 or 30 times 
that of the small fraction, which means a molecular weight ratio of the order of 
10,0TO to 1. In Experiments 1 to 4, since curve (B) intercepts the axis of or- 
dinates about —2, the proportion of the small virus fraction in the total virus 
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must have been about 1 : 100; in Experiment S, about 1 : 1000. As mentioned in 
the beginning, the lung susp^ion in Experiment 5 was made in mouse serum 
and was more concentrated, which may account for the difference. 

Thus it appears that in the influenza preparation investigated about 1 per 
cent, or 0.1 per cent, of the total infectivity was present in particles about the 
size of normal serum albumin or globulin molecules. The rest of the virus, that 
is, the bulk of it, appeared to be present in particles of the order of magnitude 
which has been found by ultrafiltration or ultracentrifugation (3, 4), or about 
100 or 200 m/i. 

Other diffusion experiments with mouse lung virus (not reported) suggested 
that the fast diffusing fraction was less stable than the rest of the virus. Thus 
in one case the samples removed after diffusion, placed in celluloid tubes and 
forming a shallow layer at the bottom of the tubes, were kept 24 days at 
— 76® before titration. A general drop in titer was then found but much more 
marked in the samples coming from the upper part of the diffusion cell. The 
same phenomenon was observed when, before diffusion, the suspension was 
rocked for 2 hours in a shallow trough at 28®, exposed to light and air. 

Diffusion of Influenza A Virus from Chick Extra-Embryonic Fluids 
Material and Methods 

The material has been investigated by Henle and Chambers (5). It was 
obtained from 11 to 12 day old embryos infected with the virus.* Ifl the 
normal embryo at this stage the volume 'of the allantoic fluid is about 6 cc., 
that of the amniotic fluid 2 cc. They contain about the same salts as a scrum 
ultrafiltrate and are both nearly protein-free until the 12th day; the allantoic 
fluid receives from the embiyo increasing amounts of uric acid. About the 
12th day the amnion opens into the albumin sac, thus acquiring suddenly a 
high protein concentration (6). The infected fluids used were almost clear and 
their protein content was insignificant. We found that both normal and in- 
fected fluids contained an appreciable amount of small particles, the size of 
which was about at the limit of ordinary microscopic visibility (ca. 0.2/i in 
diameter) and which appeared to be identical with the mitochondria from 
normal chorioallantoic cells. A few red cells and cellular debris in the fluid 
were removed by low speed centrifugation. For each diffusion experiment a 
different batch of fluid was used. 

Chambers and Henle (7) have made a detailed study of the behavior of this 
fluid in the angle centrifuge. They found that the titer of the virus in the 
supernatant after 30 minutes at 25,000 r.p.m. in the ultracentrifuge of Rawson, 
Scherp, and Lindquist (8) remained quite high (only 1 or 2 log below the original 
titer); they suggested that an appreciable fraction of the virus must have a 

* We are* much indebted to Dr. W. Henle and Dr. L. A. Chambers for supplying 
us with the material and for performing the titrations. 
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particle diameter of 10 mp or less. For three of the diffusion experiments re- 
ported here the fluid was first diluted 1:1 with buffered saline (0.15 M NaQ, 
0.01 M PQi, pH 7.0), then ultracentrifuged as shown in Table n. In Experi- 
ment 4, the supernatant, after a first run at 25,000 s.F J(. for 30 minutes, was 
centrifuged again, and the second supernatant used for diffusbn. The fluid 
from the top of the tubes was pipetted off with care each time, to avoid pos- 
s9>Ie stirring of the sediment. 

Before diffusion, enough NaQ solution was added to the fluid to make the 
toM salt concentration about 2 per cent. Diffusion took place into distiUed 
water, for 1 or 2 days. The technique was as described for mouse Itmg, except 
that the cell was placed in a mixture of ice and water at 0°, instead of a con- 
stant temperature bath at 4**. 


TABLE n 

Diffusion «/ Influema A Virus frotn Chick Extra-Embryomc Fluids 


Exp. No. 

Diffusion time 

. 

Virus titer of 
control If . 1 . 0 . 

Remarks 



lot 


1 

153,000 

5.8 

Not centrifuged 

2 

1 

87,000 

4.9 

Supernatant after ^ hr. centrifugation at 
25,000 R.P.M. 

'3 

86,400 

3.8 

(( « 

4 


4.2 

Supernatant recentrifuged ^ hr. at 25 , 000 

B.P.M. 


The titration of the diffusion samples was essentially as described for lung 
virus, except tnat the minimum infective dose (the dose just sufficient to in- 
duce one pulmonary lesion in a mouse) was chosen for the end-point. The 
MJ.D. titer thus obtained was about 2 log above the u.l.d. titer and was found 
more convenient since titrations could be made over a wider range of dilutions. 
The titer of the controls given in Table II was that of the virus at the bottom of 
the cell after diffusion. Except in Experiment 4, the material was not fresh 
and had been stored at — 15® or — 75® for from 1 to 5 weeks; this usually caused 
an appreciable drop in titer from that of the fresh material. 

KESUI.TS 

They are shown in Fig. 2. They do not differ essentially from the mouse 
lung experiments, since they all reveal the presence of a fast diffusing fraction, 
which a curve drawn for the theoretical diffusion of particles 6 mp in diameter 
fits approximately. In Experiment 1, the values obtained did not warrant the 
drawing of two curves, as was done for mouse lung virus. In Experiment 2, 
ultr&coitrifugation did not achieve a dearcut separation of the fast diffusing 
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fraction, which, on theoretical grounds, might be expected only of a mixture 
containing two sets of particles of very different si 2 se. In Experiments 3 and 
4, centrifugation was more effective, since the curws obtained are almost 
smooth curves; here the intercept of the curves with the y axis indicates that 
the ratio of the fast diffusing fraction to the rest of the virus must have been of 
the order of 1 to 3. Too little is still known of the nature of the particulate 
components of the fluid investigated, and of the state and stability of the virus, 
to warrant further speculation at this point. 


-LOG CJC. 



0 0,5 1.0 0 0.5 LO 

CM. X 


Fig. 2. Diffusion of influenza A vims from chick extra-embryonic fluid. Tem- 
perature 0®. Theoretical curves calculated for the diffusion of spherical particles 
6 m/£ in diameter {D = 4.2 X 10'"^). Diffusion time: Experiment 1 and 4, 2 days; 
Experiment 2 and 3, 1 day. ^The open circles repre.sent titers which were obtained 
only as maximum values.) 

An attempt to rediffuse the diffusate from a first experiment proved futile, the 
virus having completely lost its infectivity during the second diffusion. This 
confirmed the impression gathered from mouse lung preparations that the 
virus is particularly labile in its more disperse state. 

It may be concluded from these experiments that influenza A vims in chick 
extra-embryonic fluids was in an inhomogeneous condition and that a small 
fraction of it appeared, from diffusion measurements, to have a particle di- 
ameter as small as 6 m/z. 

Diffusion of Mouse Encephalomyelitis Virus 

The virus isolated by Theiler and recently studied in detail by Theiler and 
Card (9) was used. It is fairly resistant and, thanks to Gardes method (10) it 
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can be titeied with sufficient accuracy. Ultrafiltration by Elford’s method 
(4) gave Theiler and Card a value of 0-13 mu for the diameter of the virus 
particles. 


Material and TUratim 

A 20 per cent suspension in pneumococcus broth of ground mouse brains in- 
fected with strain GD VII was prepared; it was centrifuged at 2500 R.F.M. for a 
slwrt time and the sediment discarded. Titration of the diffusion samples was 
carried out as described by Gaid (10), using the intracerebral inoculation route. 

-LOG CjC, 



Fee. 3. Diffusion of mouse encephalomyelitis virus. Temperature 4®. The 
curves express the theoretical diffusion of spherical particles 15 m/i in diameter 
(JD - 1.7 X 10“^). Diffusion time: Experiment 1, 158,000 seconds, Experiment 2, 
237,000 seconds. 

The values obtained by this titration method could be read directly as the 
logarithms of the relative concentrations of the diffusion samples.* 

RESULTS 

In Experiment 1, the 20 per cent brain suspension in broth was directly 
diffused against water for 2 days (158,000 sec.). In Experiment 2, the sus- 
pension was first dialyzed against 0.16 m NaCl and Na phosphate buffer, 
pH 7.3, then diffused against another portion of the same buffer for 3 days 
(237,000 sec.). Fig. 3 shows that the results from both experiments are closely 

*^e are much indebted to Dr. M. Theiler for supplying us with the material and 
for performing the inoculations. 
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comparable. In the sample withdrawn at x == 1.14 cm. no virus was detected; 
the small circle drawn on the chart at this point gives the minimum relative 
concentration at which virus would have been detectable by Card's method; in 
other words, any theoretical curve drawn to fit the other points should pass 
below approximately S.S log at » = 1.14. 

The same remarks made about influenza apply to these results as regards the 
choice of curves. Evidently the virus was not homogeneous, and an attempt to 
fit all the points with one curve would have been unsatisfactory; on the other 
hand, the results were not such as to warrant the drawing of two separate 
curves, as was done with mouse lung influenza. One can nonetheless obtain an 
idea of the diameter which must have been that of at least some of the particles 
by drawing a curve through the values for x ^ 0.33 and x — 0.68. This has 
been done on the chart, and 3delds a diameter of 15 m/i; the intercept of the 
curve with the axis of ordinates indicates that this fraction represented roughly 
10 per cent of the total virus. The value found by diffusion for the particle 
diameter of an appreciable fraction of the virus is therefore in fair agreement 
with ultrafiltration data. 


DISCUSSION 

The results reported above from mouse encephalomyelitis virus diffusion 
require little comment, since they agreed rather satisfactorily with ultrafiltra- 
tion data; they suggested, however, that the preparation was not homogeneous, 
and that only about 10 per cent of the activity was present in particles 15 m^ in 
diameter; whether these were the smallest units could not be ascertained; it 
appeared only that smaller virus units could not have been present in con- 
siderable quantity. 

The experiments with influenza virus revealed the presence of a fast diffusing 
fraction which the methods thus far employed had not been able to detect. 
Experience gained from the diffusion of catalase (1), and the fact that great 
variations in the conditions of diffusion did not influence the type of curves 
obtained, warranted the conclusion that the results were not due to experi- 
mental error. The persistence of infectivity in the supernatant after ultra- 
centrifugation of extra-embiyonic fluid offered additional ei^’dence that part of 
the virus must have existed in a highly disperse state. 

The apparent contradiction between our value of 6 m/z and that of about 
100 m/i derived from ultrafiltration and ultracentrifugation of mouse lung 
virus by Elford and collaborators (3, 4) can be easily explained if one bears in 
mind that the fast diffusing fraction of our preparations represented only a 
small percentage of the total, and therefore could be detected only by a method 
of adequate sensitivity. Ultrafiltration and ultracentrifugation, as well as 
ultramicroscopy, as they have been applied thus far to the study of a nim a l 
viruses, can be expected to give information only on the state in which the bulk 
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of virus infectivity is present. Thus when mouse lung virus is filtered it ap- 
pears now that the end-point obtained is determined by the size of the laig^er 
particles, the diffusion of which gave, in our experiments, the first part of the 
curves shown in Fig. 1 ; it should not seem surprising that a small, highly dis- 
perse, and probably easily adsorbed fraction of the virus should not be able to 
pass a membrane filter to an appreciable degree. 

If the ultimate virus units are comparatively small molecules, the larger 
particles become relatively unimportant. Similar particles have been ob- 
served in preparations of numerous viruses, and because they carry most of the 
infectivity they have usually been assumed to represent the actual virus units. 
But in recent years the specificity of these particles has become very doubtful. 
Claude (11) first observed that some normal tissue preparations contained non- 
active particles which in size and chemical composition were exactly similar to 
the supposed agent of chicken tumor I. Other investigations have since been 
carried out by numerous authors (reviewed by Henle and Chambers (12)) on 
material from various sources, leading to the general conclusion that particles 
0.1 to 0.3/jt in diameter, or material sedimentable only by ultracentrifugation, 
can be obtained from a great variety of normal tissues. Henle and Chambers 
(12) have recently observed that such particles exist in preparations of normal 
mouse lungs. We have found, as mentioned above, that particles of about the 
same size are present in the extra-embryonic fluids of the chick, both normal 
and infected, and appear to be identical with the mitochondria of normal cells. 
It now seems probable that in influenza preparations such particles or mito- 
chondria act as virus carriers, the actual virus units being of a much smaller 
order of magnitude. Preliminary diffusion experiments have suggested to us 
that this is also true of vaccinia. Bronfenbrenner and collaborators (13) have 
reached the same conclusion on the nature of bacteriophage. The ultimate 
units of these viruses appear to consist of comparatively small molecules 
adsorbed on non-specific colloidal carriers. 

SUMMARY 

Analytical diffusion has been applied to a study of influenza A virus in 
mouse limg, influenza A virus in the extra-embryonic fluids of the chick, and 
mouse encephalomyelitis virus in mouse brain. 

The results from influenza in mouse lung suggested that about 99 per cent of 
the infectivity was present in particles 200 mju in diameter, and 1 per cent in 
particles 6 mjn in diameter. 

The results from influenza in extra-embryonic fluids indicated that the prep- 
aration was inhomogeneous and that the smallest virus units were about 
6 m/i in diameter. 

The results from mouse encephalomyelitis virus indicated that the prepara- 



JAQUES BOUSDILLON 


273 


tion was also inhomogeneous, with 10 per cent of the infectivity in particles 
about 15 mfi in diameter. 

It has been suggested that in virus preparations normal colloidal particles 
can act as carriers of much smaller virus units. 
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As eaxly as 1856, Francis Gurney Smith described and illustrated free nuclei 
obtained from akin and tumor tissue by the action of acetic acid (1), but 
curiously enough no use was made of this observation in subsequent bio- 
chemical studies of nuclei. From pus cells treated with artificial gastric juice, 
Miescher (2) isolated ^^nucleins,’’ substances presumably duuracteristic of 
nuclei. Ploz (3) later showed that the insoluble residues of hemolyzed avian 
red blood cells gave characteristic ^^nudein” reactions, and in 1904 Ackermann 
(4) determined the phosphorus and nitrogen content of nudei obtained by this 
method. Eighty years after Smith’s description of free nudei, Crossmon (5) 
showed that small quantities of nudei, sufficient for microscopic examination, 

could be isolated by teasing cardiac muscle in 5 per cent dtric acid. Stoneburg 
(6) studied the lipid content of nuclei isolated from musde and tumors by the 
combined action of citric acid and pepsin. He found it impossible to isolate 
nudei from liver by this technique. It has been found possible to isolate 
nudei from the liver and tumors of mice and rats by the action of 5 per cent 
citric acid alone. Studies of the rates at which Pn is bound by nudei and C 3 rto- 
plasm, using this technique for isolating nuclei are described in the following 
experiments. 

Materials and Methods 

Mice (20-25 gm.) of the Strong A strain were used as hosts for the Lawrence- 
Giardner l 3 unphoma (7), and mice of the Swiss strain for sarcoma 180. Inbred rats 
of the Slonaker strain were used for the carcinoma 256. Injections of Pji 2 were timed 
so that the mouse tumors were 14-15 da 3 rs old when removed. The rat tumors were 
3-4 weeks old when used. The mice were given 0.1 cc. of isotonic Na*HP 04 con- 
taining 5-11 microcuries of Fs 2 by intravenous injection. In the experiments with 
the mice 10 animals were used in each run. 

Animals were anesthetized with nembutal and the livers perfused with s a line 
through the hepatic vein until deared of blood. Livers and tumors were then rinsed 
in ice cold saline, transferred to 5 volumes of cold 5 per cent citric add in which the 
tissues were cut to small pieces with scissors, and allowed to stand for 30 minutes at 
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2-S®C. They were then ground with mortar and pestle and passed through 2 layers 
of cheese-cloth. The suspension so obtained was centrifuged at low speed for 2 min- 
utes to remove tissue fragments, and then at 2400 for 10 minutes. The nuclei 
were found in the bottom layer, . ^e cjrtoplasmic fragments in the supernatant and 
XLppcr solid layers. Nuclei with c 3 koplasmic fragments still attached were in the zone 
between the dean nudei and the cytoplasm. In the liver, the latter was easily identi- 
fied macrpscopically since it had a brown color. The supernatant and upper solid 
layers were removed, the nuclei resuspended in 5 per cent citric add and again centri- 
fuged at 2,400 R.p.i£. for 1-2 minutes. This process was repeated, usually 4r6 times, 
until very few cytoplasmic fragments were found in the upper solid layer, and the 
supernatant was no longer doudy. The mass of washed nudei so obtained was white. 
The same procedure was used with tumor tissue. In this case the cytoplasm had a 
grayish translucent appearance and since it was not as easily identified macroscopically 
each separation was examined with the microscope. The suspension of midei was 
then brought to a fixed volume with 5 per cent citric acid, 1 or 2 cc. pipetted into an 
ftdiing capsule for determination of radioactivity, and another fraction set aside for 
extraction. In each run a small portion of the suspension was used to determine the 
number of nudei and the number and size of any non-nudear fragments per cubic 
centimeter of suspension by hemocytometer count and measurement with an ocular 
micrometer. The volume of contaminating cytoplasmic fragments was found to be 
less than 0.5 per cent of the nuclear volume in all experiments. Another portion was 
centrifuged for exactly 30 minutes at 2400 r.p.m. in Bauer and Shenck (8) tubes to 
determine the relative volume of solid and fluid. If the centrifugation was prolonged 
beyond 30 minutes the nuclei became angular (usually hexagonal) in outline. 

Small portions of tissues of all animals from which nuclei were to be isolated were 
put in weighing bottles and weighed as quickly as possible after removal. They were 
then transferred to ashing capsules and dried. The suspension of nudei and an 
aliquot of the injected solution were also evaporated to dryness in ashing capsules. 
All activity measurements were made with an ionization chamber using a General 
Electric Co. FP-S4 electrometer tube in a DuBridge circuit (9) and checked against 
a uranium standard. 

To determine whether the liberation of nuclei was due to some specific action of the 
dtrate ion or to the hydrogen ion concentration the following experiments were per- 
formed. Tissues were treated as previoudy described, substituting 5 per cent acetic 
acid and 5 per cent boric acid in place of citric. Nudei could not be separated after 
treatment with boric acid but after treatment with acetic acid the nuclei could be 
isolated by centrifugation as readily as after citric. Liver pulped in 0.9 per cent NaCl 
showed on microscopic examination that the nudei were completely free from the 
cytoplasm but were homogeneous rather than granular in appearance; t.e,, they 
apparently were not coagulated. When treated the same way in isotonic Macllvaine 
buffer at pH 7.0, the nudei did not separate from the cytoplasm. When pulped in 
buffer at pH 5.0, the nuclei were free with occasional small tabs of adherent C 3 rtoplasm, 
and l^ul a granular appearance. At pH 6.0 the nudei were free but did not appear 
granular until the tissue was immersed in the buffer for 1} hours. Evidently the 
separation of the nucleus from the C3rtoplasm and its coagulation are due to an increase 
in hydrogen ion concentration and not to the action of a particular anion. In the case 
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of tissue ground in 0.9 per cent NaCl there is apparently sufficient acid liberated 
(the acid of injury of the microdissectionists) to free the nucleus from the cytoplasm, 
but not enough to produce coagulation. 

BESX7LTS 

Chemical Exchange vs. Metabolism 

To determine whether the Pa was taken up by the nuclei by simple chemical 
exchange, the following experiments were performed: Nuclei were isolated from 
the livi te of 10 mice and suspended in 3 cc. of a solution containing 15 mg. 
Na*HP r/cc. with a total activity of 157.2 /ac. After shaking for 1 hour the 
nuclei . ire washed 4 times with 5 per cent citric acid. With each washing, the 
activi^^)recovered were 145.2, 8.60, 0.900, and 0.215 gc respectively. The 
nucle^^VSti^tained 0.429 /tc and since the volume of nuclei used was 0.695 cc., the 
acti>ity per cubic centimeter of nuclei was 0.617 /ac or 0.39 per cent of the ac- 
tivity originally contained in the solution. In a similar experiment the original 
solution contained 62.8 /ac in 4 cc. solution. The nuclei were washed 7 times. 
The washings contained 57.0, 5.41, 0.290, 0.044, 0.(X)9, 0.(X)6, 0.(X)4 /ac re- 
spectively. The washed nuclei had an activity of 0.248 /ac/cc. or 0.395 per cent 
of the total added activity. In a third experiment with 87.0 /ac the nuclei re- 
tained 0.20 per cent of the activity in the solution after 7 washings. Isolated 
nuclei, therefore, will not bind more than 0.2-0.4 per cent of the phosphorus of 
an isotonic solution of Na 2 HP 04 in which they are immersed. Since clumping 
of nuclei occurs when the phosphate solution is added to the nuclei suspended in 
citric acid, a considerable portion of the Psz found associated with the nuclei 
may simply be adsorbed. If this were the case, presenting other surfaces on 
which the phosphate could be adsorbed should decrease the amount apparently 
bound by the nuclei. This is shown to be the case in the following experiment. 

The livers of 10 mice were cleared of blood by perfusion, cut into thin slices, 
and shaken for one-half hour at room temperature in a 10 cc. solution containing 
8 cc. of 0.9 per cent NaCl and 2 cc. of 1.5 per cent Na 2 HP 04 containing 206 /ac. 
When the nuclei were removed and washed 7 times in citric acid they were 
found to have an activity of 0.023 /ac/cc.; f.e., 0.011 per cent of the total added 
activity. In the in vivo experiments where 5-10 /ac of P 32 injected into the 
circulatory system the liver nuclei were found to contain 3 per cent of the added 
activity or about 300 times as much as in the case of the liver slices shaken with 
Psj. It follows from these and the previous experiments that the uptake of 
Pj 2 from the blood stream cannot be accounted for by exchange but must be 
attributed to the metabolic activities of the cells involved. 

Rate of Pn Uptake 

The Pta retained by the liver and lymphoma tissue at various times after in- 
jection is shown in Fig. 1 and Table I. In the liver the maximum Pa content 
( 9.5 per cent) is observed at 1 hour after injection as early as determinations 
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Fig. 1. P32 uptake by tissues 

TABLE I 
Lymphoma 


Activity As Per Cent Injected Dose 


Time after 
injection 

Nuclei 

Tiuue 

Nuclei/tissue 

Liver 

Tumor 

Liver 

Tumor 

Liver 

Tumor 

Ihr. 

2.995 

1.255 

9.57 

3.72 

0.311 

0.337 

3 “ 

1.76 

2.57 

6.24 

3.90 

0.286 

0.689 

5 

1.66 

4.85 

5.825 

4.155 

0.284 

1.13 

12 " 

1.25 

6.41 

3.45 

3.70 

0.371 

1.37 

1 day 

1.23 

6.395 


4.11 

0.412 

1.59 

2 " 


7.17 1 

1.96 

4.06 

0.398 

1.78 

3 •• / 


7.02 

2.12 

3.68 

0.461 

1.91 

4 " 

1.03 


2.34 

2.80 

0.449 

2.19 

5 « 

0.71 

5.47 1 

1.64 

2.27 

0.438 

2.35 


The value at each time interval is the mean of 2-A determinations with 10 mice. The 
activity of the nuclei is given as per cent/cm.*, and that of the tissue as per cent/gm. 


could be made, and is followed by a very rapid decrease to an asymptotic level 
at jpbdut 2 per cent. The l}rmphoma on the other hand shows a practically 
constant level at 4 per cent from 1 hour to 3 days after injection, followed by a 
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slow decrease. The P« curve for liver nuclei (Fig. 2) parallels that of the whole 
tissue, with a maximum at 3 per cent 1 hour after injection, falling off rapidly to 
1 per cent. The uptake by the lymphoma nuclei is strikingly different from 
that of the whole lymphoma tissue or of the liver nuclei. There is a very rapid 
rise in nuclear P^ concentration from 1 per cent at 1 hour after injection to 
6.5 per cent at 12 hours. It continues to rise slowly till the 2nd clay and then 
falls off gradually. 

When the activity per cubic centimeter of packed nuclei as a fraction of the 
total activity per gram tissue (Fig. 3) is plotted as a function of time after in- 
jection, a striking difference in the behavior of tumor and liver nuclei becomes 
apparent. The relative concentration of P 82 in the liver nuclei rcniaiiy^ practi- 
cally constant between 1 hour and S days after injection, while the cone tration 
in the lymphoma nuclei rises rapidly from 1 to 5 hours after injectioi r d con- 
tinues to rise as late as 5 days afterward. The P 82 concentration in lym- 
phoma nuclei is doubled in 2 hours and tripled in 5 hours. Evidently in the 
liver cell phosphorus not only enters the nucleus rapidly but also leaves it 
rapidly maintaining a steady state in the interchange of phosphorus between 
nucleus and cytoplasm. In the lymphoma cell the phosphorus enters the 
nucleus rapidly and there is no direct evidence from the curves of P^ uptake of 
a rapid loss of phosphorus by the nuclei. 


DistribtUion of Pzi and Pzz in Nucleus and Cytoplasm 


Table II shows the phosphorus content of liver and tumor tissues and the 
corresponding nuclei, determined by the Pregl (10) method. The number of 
determinations on different samples is given by the columns n. 

The volume of the packed mass of nuclei in each suspension was obtained by 
centrifugation in Bauer and Shenck tubes as previously described and corrected 
to the true volume of nuclei by multiplying by the maximum packing fraction 
for spheres (0.74). By dividing these values by the number of nuclei per cubic 
centimeter of suspension the average volume of an individual nucleus was ob- 
tained. The average volume of a liver nucleus so obtained was 3.26 db 0.128 
X 10"^® cm.* {n = 31) and of a lymphoma nucleus, 1.673 db 0.060 X 10“^® cm.* 
{n = 30). The densities of the nuclei determined by means of a pycnometer 
were 1.148 for the liver and 1.146 for the lymphoma nuclei. From these values 
the Psi/gm. nuclei was calculated. 

The phosphorus content of lymphoma cells was calculated as follows: The 
diameters of 30 lymphoma cells which had been immersed in 5 per cent citric 
acid for half an hour were measured with an ocular micrometer. The mean 
diameter was 9.75 d= 0.24 X 10~^ cm. from which, assuming a spherical shape 
for the cell, a volume of 4.85 X 10“^® cm.* was obtained. With no phosphorus 
in the C 3 rtoplasm, the Pai/gm. tissue would be: 


Pji/gm. nuclei X 


1^7 

4.85 


2.30 mg. 



A. UASSHAK m 

The tissue was found to have 2.995 mg. P/gm. and therefore the C 3 rtoplasm in 
1 gram of tissue must have contained 0.695 mg. P. The Pjj in the cytoplasm 
may be calculated in the same way. 

The ratio tumor reaches a value of 2.35 by the Sth day after 

1 issue X 82 

injection of P 82 , which is approximately the value (2.24) found for the ratio 
uclear Psi 

— . Thus after a relatively long period of time the distribution of 

Tissue Psi 

P 82 in the cell becomes the same as that of Psi already present. 

The complexity of the structure of the liver makes it more difficult to obtain 
an acc’pate measurement of the relative volume of nuclei and cytoplasm. 
Howev r, a rough estimate has been obtained. When the suspension of pulped 
liver b , per cent citric acid is centrifuged and the clumps of cells are removed, 
the regaining nuclei are of three principal types easily distinguishable, liver, 
l)rmph, and endothelial; the latter two being more frequent in the upper layers 


TABLE II 

Pti Content in Milligrams 


Liver 

ff 

Tumor 

n 

Tissue, 1 gm. 2.882 d= 0.069 

26 

2.995 d: 0.106 

19 

Nuclei, Icc. 4.53 d: 0.248 

25 

7.66 db 0.234 

18 

Nuclei, 1 gm. 3.95 d: 0.216 


6.69 d= 0.204 



of the centrifuged mass of nuclei. Counts of suspensions of nuclei from normal 
mouse livers showed the relative frequencies of the three types of nuclei to be 
35, 39, and 16 respectively. The mean diameter of the liver nuclei in 5 per cent 
citric acid was found to be 11.05 db 0.27 X 10^ cm.* and in 0.9 per cent NaCl 
12.05 zt 0.33 X 10^ cm.*. Liver cells are approximately parallelepipeds, the 
lengths of two sides of which were found to be 26.1 =b 0.5 X 10^ cm. and 
17.7 db 0.5 X 10^ cm. in citric acid and 26.6 =b 0.7 X 10^ and 21.5 d: 0.6 
X 10^ cm. in saline. (Evidently the citric acid produces little or no change in 
size of either the nucleus or the whole cell.) From these measurements the 
volumes of the liver cell and nucleus were found to be 12.1 X 10~* cm.* and 
7.26 X 10“^® cm.* respectively. The endothelial nuclei are approximate pro- 
late spheroids and have a volume of about 1.45 X 10”^® cm.*. The volume of 
the lymph cell has already been given and the endothelial cell assumed to have 
approximately the same volume. It then becomes apparent from the relative 
frequencies and the volumes of the different types of cells, that the l 3 rmph cells 
represent only about 4.5 per cent and the endothelial about 2 per cent of the 
total volume of liver tissue. Therefore as a first approximation we may, as- 
sume that practically all of the Pif found in the liver tissue is in the liver cells. 
The distribution of Pai in the cell and the specific activities of nucleus and 
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grtoplasm may be calculated in tibe same way as for the lymphoma. The cal* 
culation given in Table III is based on the volume of the liver cell nucleus as 
determined by measurement with the microscoi>e (7.26 X 10““ cm.*), and not 
the mean nuclear volume of the suspensions of nuclei from the liver which 

TABLE m 


Activities As Per Cent of Injected Dose 


Time after 
injection 

Pa/gm. 

Pa/mg.Pn/gm. 

TUiue 

Nuclei 

Cytoplasm 

Tissue 

Nuclei 

Cytoplasm 

Nuclei/ 

Qrtoplasm 


per cent 

Per cent 

per ceut 

per cent 

per cent 

per cent 

percent 

1 hr. 

3.72 

1.48 

3.21 

1.24 

0.22 

4.63 

<» 0.0475 

3 “ 

3.90 

3.03 

2.86 

1.30 

0.45 

4.12 

'^.109 

S 5 “ 

4.16 

5.72 

2.19 

1.39 

0.86 

3.15 

f'X273 

1 12 “ 

3.70 

7.58 

1.10 

1.23 

1.13 

1.58 

0.715 

'3. 1 “ 

4.11 

7.55 

1.52 

1.37 

1.12 

2.19 

0.511 

1 2 “ 

4.06 

8.45 

1.15 

1.36 

1.26 

1.66 

0.760 


3.68 

8.29 

1.83 

1.23 

1.24 

1.20 

1.03 

4 '' 

2.80 

7.17 

0.34 

0.94 

1.07 

0.49 

2.18 

5 ‘‘ 

2.27 

6.45 

0.05 

0.76 

0.97 

0.07 

13.9 

Ihr. 

9.57 

3.53 

9.36 

3.32 

0.90 

3.52 

0.256 

3 ‘‘ 

6.24 

2.08 

6.11 

2.16 

0.53 

2.31 

0.230 

5 “ 

5.83 

1.96 

5.67 

2.02 

0.50 

2.16 

0.232 

M 12 “ 

V 

3.45 

1.47 

3.36 

1.20 

0.37 

1.27 

0.291 

1 day 

M 2 “ 

3.04 

1.45 

2.94 

1.05 

0.37 

1.11 

0.334 

1.96 

1.11 

1.89 

0.68 

0.28 

0.71 

0.394 

3 “ 

2.12 

1.14 

2.05 

0.74 

0.29 

0.78 

0.372 

4 “ 

2.34 

1.21 

2.27 

0.81 

0.31 

0.86 

0.360 

5 “ 

1.61 

0.84 

1.56 

0.56 

0.21 

0.59 

0.356 


mg. P«/gm. 

Tissue Nuclei Cytoplasm 

Lymphoma 2.995 6.69 0.695 

Ijver 2.882 3.95 2.644 

were used (3.26 X 10“*® cm.*). Thus with no phosphorus in the cytoplasm the 
Pn/gm. liver tissue would be: 

0 726 

Pii/gm. X - 3.95 X 0.0604 - 0.238 mg. 

The cytoplasm therefore contains 2.64 mg. Pn/gm. tissue. If the mean volume 
of the different types of nuclei from the liver is used the Pn/gm. tissue due to 
nuclei is 0.108 and the cytoplasm has 2.77 mg. Pn/gm. 

From Table III it is apparent that the concentration of Pa in the nuclei of the 
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lymphoma is already about 50 per cent of that in the cjrtoplasm at 1 hour after 
injection. ^2 hours later the nuclear P» content has doubl^ and is greater than 
that of the cytoplasm. By 5 days after injection practically all the l 3 anphoma 
Pit is in the nuclei. In the liver the P^t content of the nuclei is about 35 per 
cent of the csrtoplasmic Pa shortly after injection and is 50-60 per cent at 2-5 
dajrs after injection. In the l)rmphoma there is a rapid concentration of 
Pa in the nuclei accompanied by a depletion of the cytoplasmic Pa. The rate 
of decrease of cytoplasmic Pa is less than the rate of increase of nuclear Pa. 
This would be expected if (1) phosphorus moved out of the nucleus into the 
cytoplasm or if (2) phosphorus enters the cytoplasm more rapidly than it is 
bound by the nucleus or if both conditions obtain. 

Specific Activities 

Allhouffh the lymphoma nuclei show a rapid accumulation of Pa, the cyto- 
plasm or the lymphoma has a greater specific per cent activity (per cent 
Pa/mg. Psi).^ The lymphoma cytoplasm has a greater s.p.a. than the liver 
cytoplasm at all the intervals after injection except the last 2 days. If phos- 
phorus enters the cytoplasm more rapidly than it is bound by the nucleus we 
would expect not only a greater initial concentration of Pa in the cytoplasm, 
but also a greater dilution of the cytoplasmic Pa by Psi in the later intervals 
after injection. This expectation is fulfilled since on the Sth day when the spe- 
cific activity of the lymphoma nuclei is approximately 1, that of the cytoplasm is 
only 0.07. While in the lymphoma there is a rise in the s.p.a. of the nuclei with 
a corresponding decrease for the cytoplasm, in the liver both nuclei and cyto- 
plasm decrease in specific activity after the 1st hour. Nevertheless there is a 
gradual increase in the relative s.p.a. of the liver nuclei by a factor of about 1.4 
in S days (Table III, column 8) which indicates that the nuclei of the liver are 
synthesizing relatively non-labile phosphorus compounds even though no cell 
division takes place. In the lymphoma the concentration of P 82 in the nucleus 
is much more striking, the relative specific activities of nucleus and cytoplasm 
increasing from 0.048 to 13.9 in S days, that is, by a factor of about 290. 

P 82 Uptake in Relation to Mitosis 

To determine whether the rapid concentration of P 82 in the nuclei is peculiar 
to the lymphoma, similar experiments were performed with mice of the Swiss 
strain carrying bilateral sarcoma 180 tumors. The results given in Table IV 
show that Pn is rapidly accumulated by the sarcoma nuclei in much the same 
way as was observed for lymphoma nuclei. 

^ Since specific activity has been defined as microcuries of activity per milligram 
we wiU use the term specific per cent activity (s.p.a.) as the activity in per cent of the 
injected dose per mg, Pji, 
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In ordar to determine whether the rapid phosphorus accumulation by nuclei 
is peculiar to tumor cdls or is characteristic of mitotic activity of cells, the fol- 
lowing experiment was performed. The median and left lateral lobes of the 
livers of three 150 gm. rats were removed and P« as isotonic Na^HPOi injected 
by way of the femoral vein 36 hours later. 3 normal rats and 3 rats carrying 
bilateral carcinoma 256 implants were injected at the same time. 2 days later 
the livers were cleared of blood by perfusion with saline and the nuclei isolated 
from the livers and tumors. For the normal liver the ratio of activity per cubic 
centimeter of nuclei to activity per gram tissue was 0.345, while for regenerating 
liver and tumor the ratios were 1.02 and 1.08 respectively. When the Pn was 
injected 4 days after partial hepatectomy and the nuclei removed 3 days later 
the ratios for normal and for hepatectomized animals were 0.28 and 0.32. At 
this time very few nuclei were found in mitosis, while at 36 hours after partial 


TABLE IV 
Sarcoma 180 

A^itUy As Per Cent oj Injected Dose 


Time after in- 
jection 

1 Ac tivity/gm. tissue 

Activity /cc. nuclei 

Activity nuclei/ 
activity tissue 

Liver 

Tumor 

Liver 

Tumor 

Liver 

Tumor 

krs. 

3 

7.47 

1.93 

2.84 

1.01 

0.381 

0.527 

5 

6.24 

3.12 

5.32 

4.20 

0.856 

1.35 

12 

6.16 

4.94 

3.98 

5.97 

0.645 

1.21 


hepatectomy 3.7 per cent were in anaphase or metaphase and a much larger per 
cent in prophase. The rapid accumulation of Pn by nuclei may therefore be 
attributed to mitotic activity and not to metabolism peculiar to certain types 
of cells. 

Distribution of Pm in Nuclei 

The nuclei from tissues of 10 mice were extracted with 10 cc. of 95 per cent 
alcohol at 55®C. for 1 hour. They were then placed in 10 cc. of a mixture of 

2 parts alcohol and 1 of ether and left at 55°C. overnight and then extracted 

3 times with 10 cc. of alcohol-ether allowing 1 hour for each extraction. The 
extract was then evaporated almost to dryness, taken up in water, and shaken 
5 times with petroleum ether. The alcohol extract was also evaporated until 
the alcohol was removed and extracted with petroleum ether. The nuclear 
residue was then extracted 3 times with 10 cc. 5 per cent trichloracetic ac- 
id,at 5“C. 

Table V gives the distribution of Pa in the different fractions as per cent of 
the activity in the untreated nuclei. There is considerable variation in the 
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Pa found in the three extracts of the liver nuclei. Only about one-half cc. 61 
packed nuclei were used in each experiment, an amount apparently too small 
for the limits of error of the procedures used. However, the per cent activity 
in the residues is consistently about 60-70 per cent of the total nuclear activity. 


TABLE V 

Distfibuiion if Pn in Nuclei 
Pn Per Cent of Nuclear Pn 



Time after in- 
jection 

Water loluble 

Lipid 

Acid 

•oluble 

ms 

Total 

Liver 



21.4* 


6.0 

67.2 

94.6 



15.2 


6.1 

3.3 

68.3 

92.9 




20.8* 


13.9 

61.7 

96.4 



26.1 


mam 

0.8 

66.0 

97.6 





WKm 


68.0 



S “ 

2.7 



1.9 

66.9 

80.1 


7 ‘‘ 

12.6 


■as 

7.7 

71.6 

99.6 

Lymphoma 

1 day 

2.5 


0.6 

0.6 

94.8 

98.5 


2 « 

1.5 


2.3 

0.7 

95.4 

99. 9t 


3 “ 1 

3.6 


0.8 

2.5 

94.5 

101.4 


4 ‘‘ 

2.0 


1.4 

5.1 

91.6 

100.1 


5 ‘‘ 

2.1 


0.3 

3.4 

88.1 

93.9 


7 "t 

8.4 


1.4 

26.4 

70.4 

106.6 


* In these experiments the water-soluble and lipid fractions were assayed together, 
t Pss in each fraction is given as per cent of the sum of all fractions, 
t High Pti in water- and acid-soluble fractions is paralleled by comparably high Pn values 
for the same nuclei. Pn and Pa determinations on liver nuclei of the same animals show no 
increase in these fractions. The rise must therefore be associated with mitotic activity. 
Ionization by beta particles from Pa produces chromosome fragments which are not included 
in the daughter nuclei after anaphase but form micronuclei which at the onset of the next cell 
division become disorganized, stain diffusely, and eventually disappear. A tumor with 
8/ic/gm. will have 30 per cent of its anaphases with chromosome fragments at 24 hrs. after 
the Pa is injected and with 17 mc will have 50 per cent such abnormal anaphases. (11) If 
the dissolved material (nucleic acid?) becomes incorporated in the new nuclei or adsorbed on 
their surfaces the rise in the acid- and water-soluble fractions mry be accounted for. See 
Table VI. 

Evidently even in the liver nuclei which do not undergo mitosis the greater 
portion of the Pss taken up is in the nucleoprotein fraction. Furthermore as 
early as 1 hour after the administration of the Ps* the per cent in the nucleopro- 
tein is as great as at several days after injection so that conversion of cyto- 
plasmic phosphorus to nucleoprotein must be quite rapid. 

The residues of the tumor nuclei contain 90-95 per cent of the total nuclear 
activity at all times until the 7th day after injection of the Pst. Since the tumor 
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is growing rapidly and therefore synthesizing new nuclei, it is not surprising to 
find practically all of the Pm in the nucleoprotein fraction. But in a so called 
resting nucleus, as in the liver, the phosphorus is also being replaced and since 
it has been demonstrated that the Pm is not held in the liver nucleus as the 
phosphate ion, it follows that nucleic acid or portions of it are continually being 
broken down and reformed from phosphorus compounds furnished by the 
C3rtoplasm. 


TABLE VI 

Distribution of Pu in Nuclei 
Afg./Cc. Packed Nuclei 


Nuclei 

Water 

soluble 

Acid 

soluble 

Lipid 

Residue 

Sum of 
fractions 

Liver 

3.85 

0.27 

0.30 

0.32 

2.26 

3.15 


4.50 

0.25 

0.13 

0.20 

3.75 

, 4.33 

m 


0.26 

0.22 

0.26 

3.01 

3.74 

Lymphoma 

5.68 

0.20 

Trace 

0.11 

5.25 

5.56 


7.06 

0.18 

0^28 

0.15 

5.25 

5.86 

m 


0.19 

0.25* 

6.13 

5.25 

5.71 



7 days after injection of T» 



Liver 

3.59 

0.19 

0.40 

0.28 

2.82 

3.69 

Lymphoma 

6.26 

0.96 

1.30 

0.13 

4.15 

6.54 


• Analysis of a third batch of nuclei showed 0.23 mg. P/cc. packed nuclei. The mean is 
therefore taken at 0.25. The deductions remain unchanged whether 0.14 or 0.25 is used. 


TABLE VII 



Fractions as per cent of Total 

S.P.A. 

Pm 

Pai 


Pn/Pu 

HiO 

and 

acid 

12.8 

7.7 

Lipid 

Resi- 

due 

HsO 

and 

acid 

Lipid 

Resi- 

due 

HiO 

and 

acid 

Lipid 

Resi> 

due 

Liver 

Lymphoma 

7.0 

2.3 

80.5 

92.0 

18.4 

4.9 

7.5 

1.1 

71.2 

94.0 

1.44 

0.64 

1.07 

0.48 

0.89 

1.02 


Table VI gives the distribution of phosphorus in the nuclear fractions as 
determined by the Pregl method. Approximately 0.2-0.5 gm. nuclei were 
used in each of the lots extracted. 

In Table VII the Psi content of the nuclear fractions is given as per cent of the 
sum of the fractions. The Pm is given as the mean per cent of the sum of the 
fractions from 1 hour to 5 days after administration of the phosphorus. 
This procedure is not justifiable in the case of the acid-soluble fraction in the 
lymphoma nuclei which shows a very definite increase with time. 
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The quantity of nuclei used was too small for an accurate determination of 
the phosphorus distribution, but is adequate for a rough preliminary estimate. 
In the liver nuclei the acid-soluble fraction has the greatest specific activity and 
the nucleoprotein the least. In the lymphoma, as might be expected, the 
specific activity of the nucleoprotein is about twice as great as that of the other 
two fractions. If the specific activity of the trichloracetic acid-soluble fraction 
is calculated separately from the water-soluble fraction we find that it rises 
from 0.14 on the 1st day after Pn injection to 1.17 on the 4th day and 5.9 on the 
7th day. The water-soluble fraction has a specific activity of 0.57 and shows 
no comparable increase with time until the 7th day. 

Rate of P Replacement in Nuclei 

The time required by the nuclei of the l)anphoma to bind a quantity of phos- 
phorus equal to that which they initially contained is the time required for the 
synthesis of an equal quantity of nuclei and should correspond to the time it 
takes the tumor to double its size. The time for complete replacement of the 
nuclear P 31 may be calculated. Let:- 

Ups, « P «2 uptake by nuclei as per cent/gm. of the injected dose. 

Cp„ =“ Pm uptake by cytoplasm as per cent/gm. of the injected dose. 

Cp,i » Total Pn in the cytoplasm in milligrams. 

Ups, B Pai uptake by nuclei in milligrams. 

Using the value for Cp„/Cp,i observed at 1 hour after Ps 2 injection, if all the 
cytoplasmic P is available to the nucleus: 

Up,, “ Cp„ X ~ X Up,, - 0.24 mg. Pw/hr. 

t^Pss V^P»* 

Since the nucleus contains 6.7 mg. P/gm. the time for complete replacement 
is 27 hours. The growth curve of the lymphoma (12) shows that a 14 day old 
tumor (0.6 gm.) will double its size in about 24 hours. The agreement is sur- 
prisingly good for an approximation but may be accidental. 

Rate of Synthesis of Nucleotides^ 

From the size of the lymphoma nucleus 1.67 X 10”^® cm.® and the 7.66 mg. 
P/cc. nuclei, a single tumor nucleus is estimated as having 12.8 X 10“^® mg. 
A lymphoma nucleus will thus contain 129 X 10"^® mg. or 62.5 X 10® molecules 
of tetranucleotide, and if it takes 24 hours for a new nucleus to be formed, 
7 X 10^ molecules of tetranucleotide must be synthesized per second. 

Effect of X-Ray on Pa Uptake 

The decrease in Pm content of liver nuclei shortly after administration of the 
P 82 suggests a movement of phosphorus out of the nucleus as well as into it. A 
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similadT process may occur in the lymphoma but be obscured by the rapid ac- 
cumulation of Pa due to the synthesis of new nuclear materials. If the out- 
ward movement could be interrupted an increase in the Pa concentration in the 
nuclei is expected. Mice carrying 13 day old lymphomas were given 200 ro- 
entgens, Pa injected intravenously one-half hour later, and tissues and nuclei 
isolated in the usual way at various intervals afterward. The results are given 
in Table Vm. At 2 hours after the x-ray treatment the Pa concentration in 
the lymphoma nuclei is 1.6 times that of the controls and then gradually ap- 
proaches the control value. When the x-ray dose is increased to 260 r. the 
ratio of Pa concentration in the l 3 rmphoma nuclei is increased from 1.7 to 2.1 at 
3 hours. 


TABLE Vni 

Pn Uptake Following X-Ray 
207 f . — 13 Day Tumors 


Time 

alter 

Tiuoe per cent injected dose 

Nuclei per cent injected dose 


Nuclei/tissue 


irradia- 

tion 

Liver 

Control 

Tumor 

Control 

Liver 

Control 

Tumor 

Control 

Liver 

Con- 

trol 

Tumor 

Con- 

trol 

hrs, 

2 

6.16 

7.2 

3.54 

3.9 

1.52 

2.0 

2.56 


0.246 



0.46 

3 

5.75 

6.5 

3.54 

3.9 

1.66 

1.75 




0.28 


0.60 

6 

5.65 

5.8 

3.48 

3.9 

1.71 

1.65 

5.38 

4.9 


■fed] 

1.558 

1.02 

12 


4.0 

3.82 

3.9 

1.54 


7.45 

6.1 

0.381 

0.36 

1.95 

1.36 

24 

2.92 

3.0 


3.9 



7.19 

6.8 



2.18 

1.60 

3 

5.15 

6.5 

3.79 

3.9 1 

260 r.~ 
2.12 

-15 day tumors 
1.75 1 5.17 




1.36 

0.60 


After irradiation with x-rays a considerable proportion of the nuclei becomes 
pycnotic. To determine whether the increased accumulation of Pa in the 
nuclei might be a consequence of the pycnotic condition, mice were given 200 r. 
and the tumors removed and examined microscopically at 1/2, 1, 2, 3, 6, and 
8 hours after irradiation. There is a small percentage of pycnotic nuclei in the 
non-irradiated control tumors. After irradiation there is no noticeable increase 
in pycnosis the first 2 hours after irradiation, at 3 hours there is a slight in- 
crease, which becomes very marked by the 6th and 8th hours. Since the max- 
imum increase in concentration is observed at 2 hours after irradiation this 
effect cannot be a consequence of pycnosis. 

Table IX shows that the P» concentration of the irradiated tumor tissue 
remains consistently about the same or slightly less than that of the control 
tumor. In the irradiated nuclei the concentration is about 60 per cent greater 
than the control at 2 hours after irradiation, then decreases to a value 10-20 
per cent greater than the control at 5-24 hours. The irradiated cytoplasm on 
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the other hand has 20 per cent less than the control at 2 hours and decreases to 
40-60 per cent less than the control at 5-24 hours. 

Increase in permeability cannot be invoked as an explanation for the in- 
creased nuclear Pn content since the total Pa content of the tissue is not in- 
creased. The altered distribution of the Pa may then be attributed either to 
increased uptake by»<the nucleus or to decrease in movement from the nucleus 
to the cytoplasm. Since the irradiated liver nuclei show less than the controls 
the rate of movement of Pa out of these nuclei cannot be inhibited unless we 
assume a simultaneous decrease in rate of movement into the nuclei. 

Whatever may be the immediate cause of the altered distribution of Pa in the 
cell it is clear that the x-ray effect is non-existent or small in the liver but 
pronounced in the tumor. As previously pointed out the difference in 
normal Pa uptake by nuclei of liver and lymphoma is to be attributed to active 


TABLE DC 

Distribution of Pn in Lymphoma flowing X~Ray 
Per Cent Ptt/Gm. 


Time after 
irradiation 

Tissue 

Nuclei 

Cytofdasm 

Control 

X-ray 

x/c 

Control 

X-ray 

X/C 

Control 

X-ray 

X/C 

hrs. 










2 

3.9 

3.5 

0.90 

1.9 


1.6 

3.1 

2.5 

0.8 

S 

3.9 

3.5 

0.90 


4.3 

1.5 

2.9 

2.1 


6 

3.9 

3.5 

0.90 

5.8 

6.3 

1.1 

2.2 

1.3 


12 

3.9 

3.8 

0.98 

7.2 

8.8 

1.2 

1.1 

0.8 


24 

3.9 

3.3 

0.85 

8.0 

8.5 

1.1 

1.1 

0.5 

IB9i 


mitosis in the latter. The concentration of phosphorus in the lymphoma 
nuclei after irradiation may therefore be associated in some way with mitotic 
activity. X-ra)rs will inhibit the onset of mitosis, arresting the nuclei in the 
resting stage. Sometime later than 3 hours after irradiation metaphase and 
anaphase nuclei begin to reappear. The results therefore suggest a correlation 
between the increased concentration of phosphorus in the nuclei and the 
inhibition of mitosis. ' 


DISCUSSION 

Hahn and Hevesy (13) studied the rate of turnover of nucleic acid in rabbit 
liver with the aid of Pa. They found that although other organic com- 
pounds of the liver were completely renewed in a few days only 1/3 of the nu- 
cleic acid phosphorus is replaced after as much as 50 da 3 rs. They also suggest 
that the low specific activity of the nucleic acid may be due to a possible slow 
penetration of inorganic phosphorus into the nucleus. This is not supported 
by the results of the experiments reported here, which show that the nuclei 
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contain 4.1 per cent/gm. of the injected Pa at 1 hour after injection and 65 
per cent of this is already converted into nucleoprotein. The rate of Pa uptake 
by the liver nuclei is greater than that of the l)anphoma. In the latter there is 
complete Pa replacement in about 1 day. It follows that in the liver nuclei 
there is complete replacement in Iday or less. In these experiments it has been 
shown that there is little or no exchange between inorganic phosphorus and the 
nuclei. Hahn and Hevesy have shown that there is no in vitro exchange be- 
tween thymus nucleic acid and inorganic phosphorus. From the results of both 
experiments we may conclude that phosphorus enters the liver nucleus by re- 
placement of nucleic acid or portions of it. An explanation of the apparent 
discrepwcy in the specific activities of nucleic acid found in the two experiments 
may lie in the fact that the liver nuclei not only pick up phosphorus rapidly but 
give it up rapidly as well and since Hahn and Hevesy ’s conclusion was based on 
calculations of the nucleic acid P 82 found in the liver at 24 hours after it was 
administered, the maximum rate was not observed. 

Tuttle, Erf, and Lawrence studied the phosphorus metabolism of normal and 
leukemic tissues with the aid of P 82 . They found a rapid conversion of the in- 
organic phosphorus to nucleoprotein by the lymphoma and were of the opinion 
that this was too rapid to be accounted for by growth alone (14). In these 
experiments it has been demonstrated that there is good agreement between the 
rate of P 82 uptake by nuclei and the rate of growth of the tumor. Furthermore, 
when a tissue such as the liver is stimulated to a high rate of mitotic activity 
there is a corresponding rise in the rate of Ps 2 incorporation into nuclei. How- 
ever, it is also true that a tissue (liver) showing no mitosis will also convert in- 
organic P 82 to nucleoprotein and also, a rapidly growing tissue (lymphoma) has 
cytoplasm with a high specific activity. Apparently synthetic processes and 
glycolytic processes in the cell are interrelated and cannot be treated as though 
independent. Such synthesis is evident in the replacement of nucleoprotein 
even in nuclei which do not undergo mitosis. 

SX7MMARY 

1. A method for isolating nuclei in quantity from mammalian tissues is de- 
scribed. 

2. The rate of uptake of radioactive phosphorus by nuclei is found to be 
quite rapid. The phosphorus was shown not to be taken up by exchange. 

3. Nuclei of tumors accumulate more radioactive phosphorus than normal 
liver nuclei. This was shown to be due to mitotic activity and not a form of 
metabolism peculiar to tumor cells. 

4. The specific activities of nuclei and cytoplasm are compared. 

5. 60 to 70 per cent of the nuclear radioactive phosphorus is present as nu- 
dleoprotein from 1 hour to 5 days after it is administered. In the lymphoma 
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nuclei 90-95 per cent of the phosphorus is in the nucleoprotein fraction from 
1-5 days after it is administered. 

6. The specific activities of the nucleoprotein, lipid, and acid-soluble frac- 
tions of liver and tumor nuclei are compared. 

7. From the rate of Pn uptake by nuclei it is calculated that a new lym- 
phoma nucleus is synthesized on the average once every 27 hours. This is in 
agreement with the observed rate of growth of the tumor. 

8. In the lymphoma nucleus it is calculated that 7 X 10* molecules of tetra- 
nucleotide are synthesized per second. 

9. Irradiation with 200 r. x-rays alters the distribution of Pat in the lym- 
phoma cell, markedly increasing the concentration in the nucleus shortly after 
irradiation. The P® concentration in the cytoplasm decreases with time after 
irradiation. It is suggested that the altered distribution is correlated with the 
inhibition of mitosis produced by the x-rays. 

10. Continual synthesis of nucleoprotein takes place even in nuclei of cells 
which do not undergo mitosis. 
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THEORY AND MEASUREMENT OF VISUAL MECHANISMS 
Vn. The Fucker Response Function Outside the Fovea 

By W. J. CROZIER and ERNST WOLF 
{From the Biological Laboratories, Harvard University, Cambridge) 

(Received for publication, March 19, 1941) 

I 

Our chief interest in obtaining flicker response contours for excitation of an 
extrafoveal region has been to modify differentially the parameters of the ''rod” 
and “cone” response curves, and thus to test the general notions already em- 
ployed for the analytical separation and interpretation of these functions. 
This involves not merely a test of the respective properties of the two parts of 
the duplex curve, but also of the interrelations between these components. 
Such a test can be made in several ways. In one of these, by uang an image of 
the same areal extent (1) centered at the fovea and (2) placed outside it, one 
necessarily involves changes in the numbers and proportions of cones and rods, 
as well as changes in the basic excitability per (small) unit area and in the area 
as a whole. The e:q)eriment here described was designed to exhibit the result- 
ing differences in the flicker response function, for different wave-length com- 
positions and as a function of the light-time fraction in the flash cycle. These 
differences are then to be considered in terms of the theory of the nature of the 
curves. A different manner of carrying out tests of this general import will be 
considered in a following paper. 

To obtain data for the examination of this matter which should be reason- 
ably homogeneous, one observer was used, employinguniocular measurements 
(W. J. C., left ^e) with white, red, and blue lights of the kind already used for 
the same retinal area (square, ca. 6.13° on a side) with foveainxation, but now 
fixated with the center of the area 8.37° on the temporal side ot the fovea, and 
ti =‘ 0.10 and 0.90. In this way it was possible to secure the desired informa- 
tion without too great a time spread. By suitable check measurements it was 
verified that no appreciable changes in excitability occurred, within the series 
of tests or in respect to the homologous measurements with foveal fixation 
already considered. 

The technique of the measurements has been described in some detail (Cro- 
sier and Wolf, 1940-41 o, b), and the description of the iustrumentation (Crosier 
and Holway, 1938-39 o) and procedure will not be given again here. We shall 
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present the data as compactly as possible, without much theoretical commoit, 
before discussing the deductions to be drawn. 

TABLE I 


Data for flicker response contours with while, W. J. C., monocular (left), square 
centered 8.37* on temporal side of fovea, ^ 0.10, 0.50, and 0.90; each entry is the mean 

of 10 observations; and P.£.i/ in miUilamberts. See Fig. 1. 



•l- 

0.10 

0.50 

0.90 

F 

log/m 

log P.E.,/ 

log/m 

log P.E.i/ 

log/m 

logP.E.i/ 

P§r S9C. 



■ 




2 

6.1096 

f.5595 

0.8616 

6.4857 

4.4686 

6.9235 

4 

0.8032 

7.7701 

4.0294 

6.5387 

4.6726 

6.9411 

6 

0.4763 

7.7281 

4.1821 

6.4865 

4.8088 

5.3278 

8 

0.6308 

7.9669 

4.8100 

6.6625 

8.0862 

3.4631 

10 

8.7798 

6.1906 

4.4806 

5.0734 

8.2080 

3.5974 

12 

8.9348 

6.2497 

4.6888 

5.1519 

3.8709 

5.6220 

14 

4.0927 

6.5001 

4.9802 

5.2799 

8.0409 

5.9528 

16 

4.3716 

6.7843 

8.1602 

5.6676 

8.8090 

4.1773 

18 

4.6821 

5.0309 

8.4884 

5.7830 

2.1770 

4.3731 

19 

4.9010 

5.2226 

3.9179 

4.2446 

2.0821 

4.9132 

20 

8.8866 

4.0672 

2.0646 

4.8336 

i.4118 

3.8168 


3.0789 

4.0218 

2.0890 

3.2355 

1.3773 

3.9123 

21 



2.7807 

3.1543 



22 

2.2042 

4.5943 

2.9294 

3.3384 

i.7488 

2.0447 

25 

2.8791 

4,9142 

i.2164 

3.7302 

i.9006 

2.4025 

30 

2.7872 

3.0337 

i.0112 

3.9822 

0.2000 

2.6592 

35 

i.0923 

3.4370 

i.8644 

2.5587 

0.0877 

2.8508 

40 

i.0180 

3.9188 

0.2780 

2.8669 

0.9607 

i.2386 




0.6874 

i.6558 



45 

0.1001 

2.5813 

0.8941 

1.3195 

1.0086 

i.7694 

48 



1.8911 

i.8191 

2.0962 

0.4399 

50 

1.1062 

i.4482 

1.7978 

0.4452 

2.7200 

1.0615 


1.0670 

i.4890 

1.8396 

0.3165 



51 

1.6218 

0.0895 

2.4068 

0.9644 

8.6010 

2.0262 



0.2821 





52 

2.6170 

1.0581 






2.2799 

0.8879 






n 

Tables 1, 11, and III contain the data for white at ti. = 0.10, 0.50, and 0.90, 
and for blue and red respectively with II = 0.10 and 0.90, for the 6.13** square 
centered 8.37° on the temporal side of the left fovea. A small red dot suitably 
located and of suitable intensity provided a foveal fixation point. The square 
iq^iage thus located did not overlap the image of the same size when centered at 
the fovea. In its position for the present observations the field included the 
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initial flattish part of the curve of “intrinsic retinal excitability” for this ob- 
server, as determined by the use of a quite small test area briefly e]qx>sed 
(Crozier and Holway, 1938-39 i); when /meolly centered it included the region 
of markedly least primary excitability. The red light was secured by naing 
Wratten Filter No. 70, the blue with No. 47, as in the preceding experiments 

TABLE n 


As in Tdbie I, but for Blue atti,— 0.10, 0.90\ See Text, and Fig. 9 


p 


0.10 

0.90 


ioff /m 

log P.E. 1 / 

lOKim 

log P.E.,/ 

per sec. 





2 



18261 

7.1368 

4 



14968 

9.7693 

6 



7.9008 

8.3597 

8 



6.2496 

8.7383 

10 

7.6087 

9.9117 

6.4604 

8.8495 

12 

7.7848 

8.3133 

6.8696 

7.4266 

14 

6.1110 

8.6641 

6.2678 

7.6225 

16 

6.8707 

8.6936 

6.6998 

7.9959 

18 

6.6867 

8.9382 

6.8430 

6.2127 

19 

6.3816 

8.9047 

4.4168 

6.7J43 

20 

6.7811 

6.1931 

4.8688 

5.2423 


6.7268 

6.1170 

4.8874 

5.2519 

25 

4.4926 

6.9613 

3.4660 

5.8431 

30 

4.7488 

6.9968 

8.7666 

4.1311 

35 

8.1204 

5.6567 

2.1808 

4.5364 

40 

8.6448 

4.0975 

2.6662 

3.0945 

45 

11192 

4.5759 

i.2991 

3.8428 

48 



i.6463 

2.0952 

50 

17469 

3.2094 

i.9614 

2.2459 

52 



0.6806 

2.8740 

53 

i.2842 

3.8026 



54 



1.3160 

1.6953 

55 

i.8020 

2.4312 

2.2186 

0.4976 

58 

1.2827 

0.2963 




1.4849 

1.6105 




(Crozier and Wolf, 1941-42 o). The mean intensities given in the tables, and 
their P.£.i values, are in log millilambert units, as obtained from photometric 
matches with white (below the color level). 

The general properties of the F-log /« contours for the extra-foveal situation 
are similar to those established under conditions of foveal fixation (Crozier and 
Wolf, 1940-416, 1941-42 o). The “cone” is lower for the extra-foveal 
location, the “rod” P — higher. There are a number of quantitative differ- 
ences in detail. The extent to which these differences can be brou^t into a 
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consistent picture of the of the F'log/» contour will be onisidered 

in the succeeding sections. 

Fig. 1 is a plot of the measurements with white at the three light-time frac- 
tions. It also contains the extrapolations of the “cone” probability integr^, 
the “rod” difference curves, and certain information about the subjective 
character of the end-points. Fig. 2 exhibits the “cone” data on a probabdity 
grid. The three slopes here (and consequently <r'iog /) are the same. The 


TABLE m 

As in Tables I and //, bul for Red; See Texl^ and Fig. 10 


F 


0.90 


log/iii 

log P.E.|/ 

log/m 

log P.E.i/ 

ptr s€e. 



||||■||■|■|■ 


2 

S.6203 

7.8699 


5.0275 

4 

5.7061 

6.2467 


5.2129 

6 

4.0669 

6.5448 

3.1661 

5.5850 

8 

4.4467 

6.7630 

3.5668 

5.9410 

10 

4.7827 

5.0589 

3.8939 

4.3626 

12 

3.0621 

5.4702 

12316 

4.5992 

14 

3.3065 

5.6796 

14203 

4.7719 

16 

3.5813 

5.9914 

17074 

3.0515 

18 

3.8590 

4.2270 

19648 

3.3391 

20 

2.0886 

4.3645 

i.2148 

3.7706 

25 

2.4174 

4.8357 

i.5600 

3.8851 

30 

2.6658 

4.9158 

i.8154 

2.1599 

35 

i.0142 

3.4323 

0.1438 

2.5210 

40 

1.3901 

3.7272 

0.5299 

2.8889 

45 

i.9841 

2.4205 

1.0956 

i.6918 

48 



1.8704 

i.7181 

50 

0.5677 

i.0184 



51 



1.9816 


52 

0.9962 

1.2723 



53 

1.7561 

0.0331 




values of the ^'cone” Fmax. are again in rectilinear relation to the light-time 
fraction (Fig. 3), as are also the magnitudes of the abscissa of inflection / 
(Fig. 4). 

For the same area of test patch the total number of available primary retinal 
cone iinits must be presumed less with the extra-foveal location than for the 
foveally centered location; but without foveal regard the number concerned 
in recognition of the end-point could weU be greater. It has been pointed out 
(Crozier and Wolf, 1941-42 a, b) that there is to be expected, for an 
ijpcrease in the number of these units, a decrease of (/log / {cf. Crozier, 1940, 
1941). The values of are a function of the frequencies of effective con- 
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tributi«i$-lrom these units, as well as their number. For the foveal and 
eztra-fovcal locations we find that the slope in Fig. 2 is actually the greater, 
and <r'io, / consequently smaller, as expected. The “rod” slope (rising; Fig. 
5), here presumably representing the participation of a larger population of 
rods, might be expected to be less, and is actually about identical or insignifi- 
cantly greater, for the foveal and extra-foveal locations (cf. data in: Crozier 
and Wolf, 1940-41 b). (For the “rod” curve the apparent F„,ax. is the result of 



Fig. 1. Data in Table I. Flicker response contours for extia-foveal square, with 
< 1 . X 0.10, 0.50, 0.90; white light; on each curve the lower mark indicates the upper 
intensity limit of smooth blue-gray fields; the upper mark indicates transition to a 
smooth field with “foveal” end-point; between these marks the fields are “speckled.” 
For the “cone” portions of the contours the lines are probability integrals as adjusted 
in Fig. 2; these arc extrapolated toward F » o, and the dotted difference-curves 
(“rod”) are also given. 

inhibitive “cone” competition; Crozier and Wolf, 1940-41 «, b, 1941-42 o.) 
Incidentally, it must be pointed out that in view of the extrapolations (as in 
Fig. 1, etc.) and difference-taking with curves of different shapes involved in 
getting at the intrinsic “rod” curves, this kind of quantitative agreement, not 
expected, is a remarkable fact. It d^nitely strengthens the view that the 
procedure used is valid. It may be suggested that, so far as white is concerned, 
the number of effective “rod” units may well be about the same for the two 
areas studied. 

As a test of the general proposition concerning the effect of a change in the 
number of “cone” units, we note that in the present series Fm*x. is much less 
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responsive to change of (Fig. 3; cf. Crozier and Wolf, 1940-41 J, 1941-42a), 
although r' is more responsive. 



Fig. 4. The rectilinear relationship between the abscissa of inflection r' of the 
“cone” probability curve (Fig. 2) and the light-time percentage. 



Fig. 5. The rising and descending branches of the difference curves in Fig. 1, 
shown on a probability grid. Coordinates of points on the dotted curves of Fig. 1 
are shown as plotted. The value taken for Fmmx. is the same for all thm curves, 
namely Fmu. — 12.S/sec. 

The variation data (Table I; Fig. 6) exhibit no unusual features (cf. Crozier 
and Wolf, 1940-41 a. A). The scatter of P.E.u for tL = 0.10 is smaller, rela- 
tively, despite the extra-foveal fixation, than might have ’ een expected. The 
scatter coefficients (<rp.E.,) are low, and their relation to Fmmx. does not differ 
significantly from those expected by extrapolation (Fig. 7) from the relation 
established for the foveally centered tests. The proportionality constants ior 





Fig. 6. The relation between log and log P.E.u for the white data of Table I 
and Fig. 1. See text. 



^snox. 

Fig. 7. The relation between the scatter coefficients for P.E.u, and Fm**.. The 
open circlets are from previous measurements with the test square foveally centered, 
the solid dots for the present measurements (Fig. 6) with the extra-foveal square. 
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P.E.U = £ /« are in excellent agreement with those already obtained for the 
foveally centered patdi. 

As illustrating the complex character of the relationships appearing in a 
multivariate system of this sort, it is useful to compare the F — log /„ curves 
with the same test area in the two locations used. The essential points appear 
for any level of tt', we take for illustration (Fig. 8) tt, = 0.10. It is obvious 



Fig. 8. Comparison of flicker response contours, tj, = 0.10, for the same square 
test area centered at the fovea and on the temporal side of the fovea; while light, 
W. J. C., monocular (left eye); open circlets, test square centered at the fovea, soh'd 
dots, centered 8.37° on temporal side of the fovea. 

that any real comparisons must depend upon the properties of the function as 
a whole. 


m 

The curves for blue and red corresponding to Fig. 1 for white are given in 
Figs. 9 and 10 (Tables II and III). As with the white, the Fmu. for both 
blue and red is less with the foveally centered square; in each case the value of 
Fmwe. is greater than for white. The values of /, for each ft, are well below 
those for the white. The variation indices follow the rules already discussed, 
and the mean ratio k = P.£.i//,k has the same value (Fig. 11). 






W. J. CROZIER AND £. WOLF 


Fig. 11. Variation data for red and blue^ Tables n and III. See text. 

The probability integrals adjusted to the red and blue data (‘‘cones”) show 
that (Fig. 12), as for the foveidy centered case, / for the blue is greater 
t ha n for the red. The red / is, like that for white^ less than for the square 
foveally centered; the blue </jog if however, is a very little Aigker in the present 




50 

40 

30 


0.10 


a90 




1 2 10 
log Im 



Fig. 12. Tho upper (‘‘cone”) branches of the data in Figs. 9 and 10 put on a prob- 
ability grid. The associated values of F^mx. are indicated. 



Fig. 13. The relation between Fmax. and the light-time fraction, for the red and 
the blue. 

(Crozier and Wolf, 1941-42 a), in the present case the effect on the red values is 
pr&portionately much less (Fig. 13) and less than for the foveally centered test 
patch, whereas with the blue it is slightly more. This is correlated with the 
fact that the displacement of the test patch to the temporal side of the fovea 
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reduces the red Famx. more than it does the Uue, and with the further fact 
the effect of change in fi. upon r' (Fig. 14) is no greater for the red and is less for 
the blue than in the centered field. 



pepcsot 

Fig. 14. The relation of *'cone” / to the light-time percentage, for the red and 
the blue. 



Fig. 15. The ‘‘rod’' difference-curves of Figs. 9 and 10, for blue and red respectively, 
shown on a probability grid. 

The dissected-out “rod” curves (Figs. 9 and 10) have been transferred to a 
probability grid in Fig. IS. The separation of the “rod” and “cone” popula- 
tions of effects is here great enough so that in each case the apparent “rod” 
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FnMx, declines as /l is made greater (cf. discussion in: Crozier and Wolf, 1940- 
41 b). The rising “rod” cr'iog / (independent of h) is greater for the red, and less 
for the blue^ than in the foveally centered series. In terms of the view that one 
expression of the neural integration of “rod” effects is the increasing value of 
or' as the number of units involved is made greater, whereas for the “cone” 
units the reverse is observed (Crozier, 1940; 1941), this could be taken to mean 
that in moving out from the fovea we have k larger number of red-excitable 
“rod” units and a smaller number of blue-excitable “rod” units. 

We refrain from discussing the question of rod wave-length excitation in 
detail, because it is obvious that one would require determinations with a 
series of wave-length compositions and a range of test areas in several different 
locations. Nevertheless it must be pointed out that the rapidity of the drop of 
the (small test area) “absolute” threshold for blue, in moving out from the 
fovea, is considerable, — whereas that for red drops very much more slowly 
(or, under certain conditions, rises — cf. Crozier, Holway and Wolf, 1941-42). 
This can be made consistent with the indications herein obtained from the 
properties of the dissected-out “rod” curves, if we remember that the apparent 
“rod” curve in flicker recognition is the result of a competition with “cone” 
effects; the proof of this can be obtained by the study of divided fields (Crozier 
and Wolf, 1941-426). We note that, in contrast to the situation with the 
foveally centered patch (Crozier and Wolf, 1941-42 a) the log / separation of 
the “rod” and “cone” branches is more extensive for the red and rather less 
for the blue. 


IV 

Certain questions raised in our preceding account of the F — log contours 
with the foveally centered test area must be briefly considered in the light of the 
present measurements, although they cannot as yet be adequately resolved. 
It was pointed out (Crozier and Wolf, 1941-42 o) that a comparison can be 
made of the energies required to activate one-half the potentially excitable 
elements (dF/d log I). This was made by estimating the values of h which 
for various colors and white would bring the (“cone”) curves to the same Fmmx., 
and also the corresponding values of t'. In this respect the mean energy flux 
for the white lay between that for the red and the blue. In terms of the proper- 
ties of ff'iog /, also, white was intermediate between blue and red, and thus 
might be taken to involve numbers of units in the order B > W > R, The 
same is true in the present series, the blue a'log / having increased (a little) in 
the extra-foveal series and the red a'log j having decreased. 

While it is certainly too early to discuss the possible bearing of these con- 
siderations upon the nature of “white,” for example, it can be pointed out that 
if white is taken to be a competitive synthesis of blue, red, etc., then the kind 
of result here obtained can be rationalized: the intermediate value of the white 
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^um h the smaller value of its under given conditions, and the inter- 
mediate value of the mean energy flux for half-activation of the elements of 
effect potentially excitable. This conception can be more profitably exploited 
in other connections. Before it can be done efficiently it is desirable to show 
that the methods used for the analysis of the excitation contours are such as 
possess generality. There are two distinct aspects to such a demonstration. 
The nature of the micro-heterogeneous neural mechanism involved in the 
visual excitation-response phenomena requires that the methods for its analysis 
have to be non-specific; that is, they must be quantitatively applicable to differ- 
ent kinds of animals. This first requirement is obviously met, with reference 
to the types of contours obtained for a quite varied assemblage of animals and 
with reference to the dependence of these contours upon such variables as 
area excited, temperature, and light-time fraction; we can add to this the 
essential conformity in the effects of wave-length composition of light (un- 
published). 

It is equally necessary to show that there prevails the same kind of inner 
consistency of the analysis when, as can be done with man, different regions of 
the retina, with known different intrinsic properties, are examined in a single 
individual. A sign of this consistency is found in the rational relations of the 
parameters of the complex contour to variables such as those used in the pres- 
ent test. The system of relationships of which this test gives a glimpse is the 
significant thing, rather than the particular relations between any two vari- 
ables under conditions otherwise fixed. It has been emphasized that a basic 
feature of the analysis demands the separation of the properties determined by 
the number of units of a given class potentially excitable, from those properties 
due to the frequencies with which these units contribute to the total effect 
measured. A procedure for illustrating this separation, and its experimentally 
measured consequences, is considered in some detail in a following paper 
(Crozier and Wolf, 1941-42 b). The meaning of its results can then be utilized 
for further studies of excitation as a function of wave-length. 

v 

SUMMARY 

The several parameters of the flicker response contour (F — log I) are 
considered as a function of wave-length composition (white, blue, and red) 
and light-time fraction, for an extra-foveal region (monocular, temporal 
retina). These data are compared with those secured for the same image area 
centrally fixated at the fovea. The systematic changes in the parameters are 
shown to be in rational relation to other relevant excitability data. Since 
for two retinal regions the primary contours are quite different, the systematic 
nature of the behavior of the parameters in the two cases is a real test of the 
power of the analysis proposed. Theoretical interpretation is required to 
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deal with the propolies of sets of perfonnance contours under systematically 
varied conditions, and cannot rely simply on the comparison of (for example) 
two contours under the same arbitrary conditions at two retinal locations. In 
particular it is mnphasized that a qualitative separation must be made of the 
two factors of (a) number of units and (b) the frequencies of their actions, 
bdote the wave-length problem can be dealt with effectively. 
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INTRODUCTION 

Many observations indicate that the uptake of oxygen and the evolution of 
COi by plants and plant tissue can be enhanced by irradiation with visible 
light. Some observers believe that a direct action of the light on the re- 
spiratory system is responsible for this effect, which they therefore call ‘‘light 
respiration;” others assume that the increased O 2 uptake is caused by photoxi- 
dation processes not different in principle from analogous effects in non-living 
matter. Taking in account the results published in the literature and the ones 
described in this paper we conclude that the second assumption is correct. The 
ultimate cause of the extra oxygen absorption after or during irradiation con- 
sists of photoxidation processes sensitized mainly by chlorophyll, but these 
processes are by no means simple ones. For instance, the products formed by 
photoxidation may interfere as substrate or as inhibitor with the normal plant 
metabolism. We mention as a simple example the fact that by these photoxi- 
dation processes the substrate of normal respiration can be chemically changed 
in such a way that during the subsequent dark period the rate of respiration is 
temporarily greater than its normal value. According to our opinion the in- 
troduction of the term light respiration for such an effect is unnecessary, just as 
it is for the well known influence which photosynthesis has on respiration in 
starved plants; by producing carbohydrates photosynthesis restores the absent 
substrate of respiration and so the rate of respiration measured during the 
subsequent dark period is increased. We cannot completely preclude the 
possibility that a genuine light respiration i.e., an influence of light on the 
system of enzymes involved in respiration, does exist, butv)bservations made 
with plants by others and by ourselves so far give no clear indication of such ar 
effect. Attempts to find it should be made in gaseous atmospheres containing 
only about 1 to 2 per cent of oxygen as that oxygen concentration is great enough 
to saturate respiration yet not large enough to cause significant disturbances by 
photoxidation processes. 

EXPERIMENTAL PROCEDURE AND RESULTS 

The main methods of observing photoxidation processes in normal plant tissue 
belong to two different groups. The first is an indirect one based on early observa- 
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tions made by Warbuig (1). Photos 3 mthesis at different light intensities is measured 
as a function of the oxygen content in the gaseous atmosphere and the decrease of the 
rate of photo^thesis with the rising oxygen concentration is studied. That the 
depression of the rate under the influence of oxygen actually can be used to obtain 
information on photoxidation processes will be shown in this paper. The second 
method introduced by van der Paauw (2) is a direct one and is the method used by us. 
Plants are irradiated in gaseous atmospheres containing oxygen but practically no 



Fig. I . A modified Warburg vessel in which a leaf is mounted on a rotor, with the 
lower surface containing the stomata just above a pool of KOH solution. 

CQj, the CQj produced by respiration and photoxidation having been removed as 
efficiently as possible by KOH solution. The influence of photosynthesis on the 
pressure ridings thus becomes small under these conditions and the oxygen uptake 
under the influence of light can be measured manometrically. Fig. 1 shows the main 
part of the modified Warburg manometer used by usj some improvements and 
arkptations for the purposes of our experiments distinguish it from van der Paauw’s 
original device. 

A round piece of hydrangea leaf 3.7 cm. in diameter with a 0.6 cm. hole in its center 
was cut out with a punch and mounted under a wire gauze rotor with the underside 
A)f the leaf down. This rotor was supported on a jewel bearing by a needle so that 
the leaf was just a few millimeters above the surface of a layer of 10 per cent KOH 
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solution in the glass vessel of Fig. 1. Two paraffined threads looped over the rotor 
triiiled in the KOH thus stirring it adequately. On tc^ of the rotor was a magnetised 
iron strip which caused the leaf to rotate at a rate of 145 vljpm. when a rotating mag- 
netic field was applied from the outside. 

The light source was a 2000 watt bulb with a spherical mirror behind it; the lif^t 
was collected by a pair of 10 inch condenser lenses mounted together. An image of 
the condenser lens was focussed on to the bottom of the vessel of Fig. 1 contamed in 
a glass-walled thermostat tank, with the aid of another large condenser lens and a 
mirror placed in the water. 2 inches of flowing water served as an infrared remover. 
Large Kolle culture flasks filled with CuSOi or with KsCrsO? solution were used in 
special experiments as color filters. Calibrated wire screens were used to vary the 
light intensity. 

(Later, the lens system was replaced by an elliptical mirror of 1 foot in diameter. 
This focussed the light of a 1000 watt projector bulb directly on the vessel without any 
lenses and gave a maximum intensity of about 80,000 lux.) 

Practically all experiments were done with cuttings of hydrangea leaves. Other 
leaves when tested gave the same type of results. Attempts to use algae spread over 
the surface of moist filter paper were abandoned since the algae dried out too quickly 
under the influence of the strong light needed for our experiments. 

Experiments with color filters showed that strong photoxidation is obtained with 
red or blue wavelengths, thus indicating that it is the chlorophyll which sensitizes 
this reaction as these are the wavelengths wherein chlorophyll absorbs most strongly. 

Figure 2 a gives typical curves for manometer readings with pure oxygen in the 
dark and the light. The pressure decrease in the curves with the slopes X « 7 and 
X == 8.5 is produced by respiration, while the much steeper slope X =» 16.3 is due to 
the combined effects of respiration and photoxidation. The slope is furthermore 
influenced by the fact that when illuminated a part of the respiration CO 2 can be 
photosynthesized before it escapes out of the leaf and into the KOH solution. Fur- 
ther, the leaf becomes warm by illumination in spite of the circulation of the gas atmos- 
phere in the thermostated vessel. This heating produces a rise in pressure which will 
be reversed the moment the light is turned off.^ Generally, the pressure rise due to 
heating of the leaf at the beginning of an illumination is several millimeters of water 
greater than the pressure fall due to cooling at the end of an illumination period. An 
effort was made to determine whether this pressure difference could be used as a 
measure of the concentration of intermediate products of photos 3 mthesis left over in 
the leaf from previous illumination periods in the presence of^C02. These inter- 

^ It was not possible to calculate from the pressure changes above, the change in 
temperature of the leaf which occurs when the light is turned on. This temperature 
change was therefore measured with a thermocouple, but because of experimental 
difficulties these measurements were made only with nop-rotating leaves. The tem- 
perature rise was 1.3®C. at the intensity most frequently used in our experiments and 
required about 5 minutes. The temperature dropped at an equal rate when the light 
was again extinguished. Of course, in a rotating leaf, the temperature change would 
not be as great nor would so long a time be required for the new steady state td be 
attained. 
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mediates would then be further reduced in producing oxygen under the influence of the 
illumination until their supply is exhausted. Since the observed pressure differences 
were only of the order of 1-4 mm., scarcely greater than the experimental error, we 
cannot be certain that the pressure changes observed were due to this effect. Cer- 
tainly, it has no influence on the calculation of the rate of photoxidation, since for 
that purpose we have used only the slope of the curves after they had become linear. 
Usually, photoxidation is followed by a period of enhanced respiratinii. This period 


MM. 



Fig. 2. Measurements of oxygen consumption in the light and dark in an at- 
mosphere of oxygen as compared with measurements in nitrogen containing 1.5 
per cent oxygen. 


is not to be confused with the time necessary to reach thermal equilibrium. It ta ke^ 
but 2-3 minutes to balance the thermal effects whereas the enhanced respiration may 
last 10-30 minutes and even longer under certain conditions. The explanation of this 
was briefly mentioned in the introduction and will be discussed further below. Fi- 
nally, one must take into acQOimt the fact that the pressure measurements are influ- 
enced by photosynthesis. Indeed, this effect is larger than we expected it to be under 
the conditions of our experiment. The photochemical reduction of CO 2 formed by 
respiration was measured in an atmosphere of nitrogen containing just enough oxygen 
so that the rate of respiration is not limited by the O 2 tension. In the case of hy- 
drangea leaves about 2 per cent oxygen is enough as may be seen from Fig. 3, wherein 
the rate of respiration is plotted as the function of oxygen pressure. 
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26 gives a set of curves as measured in N 2 + I 2 per cent of O* in the 
dark and in the light. It shows that the photoxidation is negligible under 
these conditions while photosynthesis compensates for a part of the respiration. 
From the foregoing, it appears that since the rate of photoxidation in oxygen 
is calculated from three independent rate measurements, the final accuracy of 
the result is small. The precision is further reduced by the fact that the rate of 
photoxidation is not constant but decreases with time. The velocity of the 
decay depends upon the previous life history of the leaf, the light intensity, and 
the oxygen concentration. A leaf which has been well fed by photosynthesis 
or whose sugar supply has been enriched by immersing its stem into glucose 
solution shows a somewhat stronger photoxidation which also remains constant 
for a longer period. (In measuring the degree to which photoxidation of a 
given leaf depends upon external factors such as light intensity or oxygen 


PERCENT OF OXYGEN 

Fig. 3. Dependence of the respiration rate on the partial pressure of o^gen 


concentration, one must be careful not to use too long irradiation periods. One 
can insure the absence of this error in the curves obtained by measuring the 
various points on the curve in a random order.) 

The curve showing the rate of photoxidation as a function of oxygen con- 
centration is of the same type in all leaves and is independent of their previous 
treatment. Fig. 4 presents an example. 

The ordinate represents the rate of oxygen consumption by photoxidation 
corrected for respiration and photosynthesis; the abscissa is the percentage of 
oxygen contained in the atmosphere which was at normal pressure. For the 
reasons mentioned above, the accuracy is not great, but it is sufficient to 
determine the shape of the curve. The rate rises rapidly at first with the 
oxygen concentration. Later, the slope becomes smaller and finally one 
reaches O 2 saturation; the rate becomes independent of further increase in the 
oxygen concentration. The saturation point is reached when about 60 per 
cent of the gaseous atmosphere is Oi. 

Curves in which the rate of O* uptake is plotted against the light intensity 
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reveal the fact that the rate rises less than linearly with the intensity at 
least at high intensities. It was impossible for us to measure the shap>e of the 
curve accurately enough to determine whether the rate is projiortional^ to the 
square root of the intensity. (At high intensities the rate of photoxidation 
declines too rapidly with time for precise measurement.) To establish beyond 
doubt that the deviation from linearity is not merely a deception the following 
procedure was chosen. The rate was measured in bright, intermittent light 



Fig. 4. Relative rate of difiFerent photoxidation processes plotted versus Q* pressure. 
Circles, our data for photoxidation in hydrangea leaves; crosses, Warburg’s data for 
the decrease in rate of photosynthesis with Q 2 pressure; stars, Gaffron’s data for the 
photoxidation of serum sensitized by adsorbed porphyrin. 


and then immediately afterwards in continuous light of the same average in- 
tensity. Since the average illumination is the same in both cases there is no 
change in the temperature of the leaves and therefore no transient effect on the 
manometer readings such as would accompany a large increase or decrease in 
steady illumination. Any break in the pressure versus time plot must be at- 
tributed to a change in the rate of photoxidation. It is obvious that a change 
will occur only if the rate varies in a non-linear manner with the light intensity.* 

* We furnished our brightest light with a large shutter pivoted on a bearing so that 
it could be lifted out of the light beam periodically and then dropped back. The 
shaker mechanism of the Warbuig tank drove the shutter by a chain fixed with a stop 
so that the dark time was about 4 times the light period. The maximum intensity 



y mscx KSD C. S. WSCfl 


Table I shows some observations which indicate that the yield becomes lower 
at high intensities. 

No particular effort was made to get exact data for the quantum yield of the 
photoxidation in leaves, since the effect varied so much with the conditions. 
But a comparison of the rates of photoxidation with the rates of photos 3 mthesis 
which is obtained in these leaves makes it possible to estimate the order of 
magnitude of the quantum yield. Under favorable conditions it turns out to 
be S 1/100 in an atmosphere of pure oxygen. 

Experiments in which leaves were allowed to take up substantial amounts of 
sugar, by soaking the stem or the whole leaf in sugar solution, did not show 
much increase in photoxidation. However, if the corrections for respiration 


TABLE I 

PhoioxidaUan in Continuous and Intermittent Light of ike Same Average Intensity 


Average rate per 30 min. period in mm./5 min. 

Photoxidation corrected for respiration 

Dark 

Continuoua 

Intermittent 

Continuoua 

Intermittent 

-3.8 

-8.8 

-5.9 

-4.0 

-1.1 


-6.8 

-5.6 

-2.0 

-0.8 


-5.0 

-4.6 

-0.2 

-1-0.2 


-5.5 


-0.7 


-4.8 






-6.5 

-5.3 

-1.7 

-0.5 


and photosynthesis were applied, the decay of photoxidation with time does 
appear to be slowed down. 

A sugar-fed leaf irradiated in oxygen free from carbon dioxide shows a re- 
markable increase in its respiration, as may be seen by Table II. 

In the case shown here, the respiration rose more than lOOfper cent. The 
enhancement of the respiration lasts for hours provided the photoxidation 
period was long enough and the light during that period strong enough. Ob- 
viously the conclusion seems to be that under the influence of photoxidation, 
hexose is chemically changed into products which are more easily oxidized by 
the normal respiratory catalysts or are themselves autoxidizable. It is known 


was 12.8 times the average intensity. The flashes came at the rate of 66 per minute. 
Now the average intensity of the alternate light and dark periods was measured by 
the increase in pressure (84.7 mm.) in the manometer vessel when a black paper .was 
substituted for the leaf. It was found that screens transmitting 7.8 per cent of the 
continuous light made the intensity of the continuous light very nearly the same (85.6 
mm.) as that of the integrated flashing light. 
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that in chemical oxidation processes bexose shows such behavior, but it is un- 
certain whether it is justifiable to compare such auto-oxidations in viirv with the 
respiration processes in the leaf. 

Prolonged photoxidation damages the photosynthetic apparatus snd finally 
kills the leaf, whereas with a short exposure to light and oxygen, in the ab- 
sence of C0|, the damage is reversible. This fact (which is in agreement with 
results of Myers and Burr (3) to be discussed later) was revealed in the following 


TABLE n 


Omen uptake in 
10 minutes 
mm. Brodie solution 


Respiration 


Photoxidation 

(corrected) 


Before exposure in pure Os. .. 12 . 1 


1st photoxidation period last- 
ing 25 min 8.4 


After Ist 

photoxidation 

period 

14.5 

Returning after 2 his. in the 

dark to. . . 

12.7 1 

After 2nd 

photoxidation 

period 

22.5 

Constant over a period of 90 

min 

22.5 


2nd photoxidation period last- 
ing 25 min 8.6 


3rd photoxidation period last- 
ing 25 min 10.0 


After 3rd period 24.0 

(Measured 30 min.) 


way: leaves were exposed to light in the presence of 1 per cent CO* and the 
photosynthetic rate was measured. Then they were subjected to photoxida- 
tion for a short time by exposure in COrfree oxygen (generally about 20 
minutes) and afterwards photosynthesis was again measured. The photo- 
synthetic activity recovered slowly. The time necessary for the recovery 
depends on the illumination; intensities just great enough to produce saturation 
of photosynthesis give much qiucker recoveries than the smaller ones. 

Fig. 5 gives an example of such measurements. Before the treatment the 
induction loss is unobservably small (upper curves); after treatment (lower 
Surves) the induction period lasts about 15 minutes but the rate rntn.>ff back 
to its old value. Recovery of photosynthesis in the region where the Hnmag » 
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is reversible can be accompli^ed not only by photosynthetic activity but also 
by subjecting the leaf to long dark periods. In some cases where photoxidation 
was followed by a long dark period we observed that on reillumination, photo- 
synthesis was resumed with an induction loss no greater than the usual one in 
normal untreated leaves. 



0 5 /0 /5 20 25 30 35 40 45 50 55 60 65 


M/NUTE& 

Fig. S. Photosynthesis measured in the presence of sufficient CQi both before (5 a) 
and after (5 h) a photoxidation period. 

A series of experiments was made to find out whether photoxidation in 
leaves depends on the action of heat-labile enzymes. For that purpose leaves 
were killed by submerging them for 20 seconds to S minutes in boiling water. 
The results show that photoxidation takes place in dead leaves just as well as in 
live ones. (Compare Fig. 6a and 6.) Also, the dependence of the rate of 
photoxidation upon light intensity is imaltered within the accuracy of the ex- 
periments. The rate of photoxidation in the boiled leaves seems a little 
smaller than in the fresh ones. 

Finally, some experiments done in this laboratory* may be mentioned which 

* The experiments were carried out by T. Puck and C. S. French. 
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show that plant juices containing whole chloroplasts or only their macerated 
contents (mostly consisting of chlorophyll adsorbed on its native protein) show 
photoxidation. The rate of oxygen consumption is smaller than in leaves, but 
can be made even stronger than in leaves by addition of easily oxidizable sub- 
stances like ascorbic add. Ascorbic add is also oxidized in the dark but at a 
much lower rate, so the rate of photoxidation can be calculated from the en- 
hancement of the oxygen uptake during the illumination period. The ex- 
periments are in accordance with the observations made by French (4) in water 
extracts of purple bacteria. 

Comparison of the Results with Older Observations 

It has been known for a long time as mentioned in the introduction, that 
photoxidation processes occur in plants. Noack (5) showed already in 1923 
that substances whose oxidation products can be recognized by their color can 
be photo-oxidized in plants into which they are artificially introduced. The 
same author stated that O 2 absorption is increased in leaves illuminated for 
84 hours in absence of CO2. Van der Paauw whose method of observation is 
comparable to ours undoubtedly observed photoxidation as well as its en- 
hancing influence on respiration in the dark directly following an illumination 
period. Van der Paauw himself comes to the conclusion that in his observation 
the normal tissue respiration is enhanced by “plasmogeneous influences.” We 
think that his point of view is not tenable for the following reasons: as was 
discussed above, the O 2 uptake depends on the partial pressure of oxygen in a 
manner entirely different from that of respiration. Furthermore, killed leaves 
which do not respire and plant juices show a comparable O 2 uptake in the 
light. The same remarks apply to the conclusion which Shri Ranjan (6) 
draws from similar observations. Likewise, the papers of Pokier (7) and F5k- 
ler and Montfort (8) are not convincing in their conclusions based on analogous 
observations. In respect to these papers we agree with Gaffron’s (9) criticism. 

The work of Mevius (10) is related to photoxidation in plants exposed to 
light in a COrfree atmosphere. This author studied the behavior of leaves of 
higher plants still connected with the intact plant. A part of the plant was 
exposed to light in a COrfree atmosphere while other parti? of the plants were 
irradiated in normal air and were therefore able to photos 3 aithesize. Mevius 
found that leaves could stand long exposures to light in the COrfree atmosphere 
without observable damage provided that the photosynthesizing leaves supply 
enough food for the exposed leaves. If that flow of nourishment stopped or 
became too small, starch and sugar were consumed and the leaves turned 
yellow with the destruction of proteins. 

All other conclusions on the occurrence of photoxidation are based on ob- 
servations of the rate of photosynthesis. The most important contributions of 
this type are those of Warburg (1) and of Myers and Burr (3). Warburg*s 
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first observations of the influence of oxygen concentration on the rate of photo- 
synthesis yielded the result, which has often been confirmed since, that even in 
the presence of sufficient CO2 the rate of photosynthesis at light saturation 
depends strongly on the oxygen concentration. Under some conditions the 
rate may be reduced to 60 per cent if an atmosphere of N2 (containing enough 
oxygen to saturate respiration) is replaced by an atmosphere of pure oxygen. 
Sometimes, on the other hand, the retarding influence of oxygen is quite small. 
It is known that the difference in behavior depends on internal factors such as 
food concentration and respiration. At low intensities neither Warburg nor 
others (compare McAlister and Myers (11); Myers and Burr) found any influ- 
ence of the oxygen concentration on the rate of photos3aithesis. 

An exception is found in the results of Katz and Wassink and coworkers 
(12), who observed that at low intensities as well as at high ones, a diminishing 
of photos)mthesis occurs with increase in the oxygen concentration. 

Most authors do not relate these strong influences of oxygen concentration on 
the rate of photos)mthesis to photoxidation, but a comparison of Warburg’s 
results with ours unmistakably reveals an intimate connection between these 
effects. The most direct proof is that the variation of the photosynthesis rate 
with oxygen pressure follows the same sort of curve as does our photoxidation 
data. Moreover, this curve is similar to the one Gaffron (US) observed in 1926 
for the photoxidation processes occurring in an aqueous solution in which 
porphyrins or chlorophyll were adsorbed at the surface of the proteins. In 
Fig. 4 are recorded Gaffron’s observation (marked with stars) together with 
those of Warburg (marked with crosses), and our own. The fact that the sig- 
nificant variations occur in the same range of oxygen pressures for all three sets 
of observations is a strong indication that the phenomena are related. We see 
a further connection in the fact that after a long irradiation the difference 
between the rates of photosynthesis in N2 and O2 respectively is greatly re- 
duced, just as photoxidation in leaves goes down with the irradiation time. 

A great quantitative difference exists, however, between the results of the 
direct and the indirect methods of photoxidation measurement. The di- 
minishing of the rate of photosynthesis by oxygen is usually 10 to 20 times 
greater than the rate of photoxidation itself; one must therefore assume that 
the direct uptake of oxygen by photoxidation is small compared to the indirect 
influence on photosynthesis. That is just the same conclusion to which 
Myers and Burr (3) were guided by their observations of the influence which 
extremely high light intensities have on the photosynthetic rate in Chlorella. 
These authors did not vary the oxygen concentration but irradiated the algae 
in the presence of air containing CO2 and in some cases, cyanide as well. They 
observed normal saturation curves forming a flat plateau, but when the light 
intensity surpassed a critical value the rate started to decrease and continued to 
do so with further increase of light intensity. At the very highest values of the 
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light intensity the oxygen production ceases entirely and is replaced by an 
oxygen consumption which is greater than the normal respiration. The 
critical intensity at which the influence of the photoxidation becomes dis- 
cernible depends upon conditions inside of the plants (concentration of CO 2 , 
food, presence or absence of cyanide, etc.X. Franck and Gaffron (14) have 
already pointed out that the critical intensity apparently coincides with the 
intensity region at which the photosynthetic apparatus begins to become de- 
pleted of CO 2 and hence of intermediates of photosynthesis. (See the theory of 
Franck and Herzfeld (15) and fluorescence experiments of Franck, French, and 
Puck (16).) A catalyst (called catalyst A) responsible for the formation of the 
compound C02-acceptor-molecule becomes unable to replace this substrate 
rapidly enough at that intensity. Further, the greater the amount by which 
the light intensity surpasses the saturation intensity, the more rapidly is this 
substrate destroyed by dissociation processes. Each shift of the region in 
which depletion of this substrate occurs (for instance, by addition of cyanide) 
produces a corresponding shift of the critical region in Myers and Burr’s 
experiments. It is obvious that by a depletion of the photosynthetic apparatus 
of intermediates the bulk of the chlorophyll becomes available as a sensitizer of 
photoxidativc processes and so produces a sharp rise in the yield of photoxida- 
tion. Myers and Burr (3) reject the idea that the consumption of O 2 by 
photoxidation at the highest intensities would overcompensate photosynthesis. 
They rather assume that photoxidation produces an inhibitor of photosynthesis. 
The main reason for this hypothesis is the fact that the photosynthetic activity 
is found to be reduced or entirely stopped after a photoxidation period when 
tested with light intensities so low that photoxidation no longer plays a r61e. 
The rate of photosynthesis recovers if the photoxidation period was not too 
strong and too long. These results of the indirect method agree entirely with 
ours measured directly. By too intensive irradiation the plant will be killed 
and bleached. 

It does not seem necessary to enter into a discussion of further similar papers 
since they are mostly in accordance with the facts already discussed. (For 
references, compare, for instance, Myers and Burr (3), and Franck and Gaff- 
ron (14).) 


THEORETICAL DISCUSSION 

The experimental data discussed above prove beyond doubt that photoxida- 
tion processes occur in plants even under normal conditions. It is a photo- 
chemical process taking place together with photos)mthesis, but with a much 
smaller yield. Normally, it does not attack vital parts of the living plants but 
food or intermediate products of the plant metabolism. As long as the photo- 
synthetic apparatus is connected with intermediates of photos)mthesis, 4he 
photoxidation is small, but it nevertheless reduces the rate of photosynthesis 
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Strongly though indirectly. If by carbon dioxide limitation or wme denuda- 
tion process the concentration of the photos)mthetic intermediates becomes 
small, photoxidation will become dangerous since vital parts of the plant will 
now be attacked. The plant can be destroyed by photoxidation , a phenomenon 
described by botanists as solarization of plants. 

The photoxidation processes in plants take place without enzymatic dark 
reactions (see the exp)eriments with boiled leaves) but probably consist rather 
of a photochemical process sensitized by the plant pigment, chlorophyll. The 
characteristics of this process are just the same as the ones observed in photoxi- 
dation processes in vUro sensitized by chlorophyll or porphyrins adsorbed by 
proteins in aqueous solution. 

Two questions deserve a fuller discussion, the first concerns the process by 
which photoxidation acts as an inhibitor of photosynthesis and the second deals 
with Ae general chemical kinetics of photoxidation processes induced by 
chlorophyll adsorbed on protein surfaces. 

According to Franck, French, and Puck) 16), one must assume that during 
the induction period of photosynthesis an excess of photo-peroxides can oxidize 
certain metabolites and that the resulting products in turn are capable of in- 
hibiting photos)ai thesis by poisoning the catalyst responsible for photos}^! thesis 
saturation (called catalyst B). To explain the inhibition by photoxidation one 
need only make the hypothesis that this process results in the formation of the 
same or a similar inhibitor. It offers a natural explanation for the fact that the 
limiting influence of a high (oxygen concentration vanishes at low light in- 
tensities. At these low intensities a great part of catalyst B can be inactivated 
by the inhibitor without influencing the rate of photosynthesis. 

The dependence of the magnitude of the oxygen influence on internal factors 
can be understood by the fact that the concentration of the metabolic product 
(which is attacked by photoxidation) varies considerably in leaves. The 
reversal of the inhibition can occur in the dark since the inhibiting oxidation 
product is consumed by respiration. 

We now inquire as to why the recovery" time of photosynthesis is much longer 
(several hours) than the lifetime of the inhibitor (about 1 second, see Franck, 
French, and Puck). The abnormally long induction periods of photosynthesis 
and the still longer dark recovery periods required after photoxidation have to 
be explained in a different manner. We believe that they both are caused by 
the denudation of the photosynthetic apparatus of intermediates. A normsil 
rate of photosynthesis is only possible if the supply of intermediates is not too 
small and if the different intermediates all have the same concentration. If 
intermediates are lacking at the beginning of an irradiation period in the 
presence of carbon dioxide, it takes some time to build up equilibrium concen- 
trations by photosynthetic activity. Until that is accomplished, the photo- 
syntbeiic rate is subnormal. The time observed for the duration of the in- 
duction periods (at different light intensities) after an exposure in a carbon 
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dioxide free atmosphere is of the expected order of magnitude. According to 
Franck and Herzfeld (15) the intermediates can also be very slowly restored in 
the dark by a reversal of photos)nithesis (not identical with normal tissue 
respiration). We believe that this process is responsible for the recovery in the 
dark. 

We will now discuss the chemical kinetics of photoxidation sensitized by 
chlorophyll adsorbed on protein in an aqueous solution. The fact that the re- 
action becomes oxygen-saturated at an oxygen concentration which is many 
thousand times greater than the one which saturates photoxidation processes 
sensitized by chlorophyll in organic solutions is of special interest. This means 
that in the aqueous solutions oxygen has to react with a very unstable molecule. 
One can calculate from the oxygen concentration at the saturation pressure 
that the lifetime is equal to or somewhat greater than l(y“® to 10^ seconds. 
The obvious explanation that the molecule in the unstable state is the chloro- 
phyll molecule excited by light absorption must be rejected for two reasons. 
In the first place the lifetime of the excited chlorophyll molecule (compare 
Franck and Herzfeld (17)) in the leaves is still 10 to 100 times smaller than the 
above value and secondly, the fluorescence of the chlorophyll in leaves is not, or 
at least is practically not, quenched by an atmosphere of oxygen. To explain 
the behavior of the chlorophyll fluorescence in relation to photoxidation proc- 
esses in organic solutions, Franck and Livingston (18) had to introduce the 
hypothesis that chlorophyll can be transformed by light absorption processes 
into an unstable tautomeric configuration with a lifetime much longer than 
10”* seconds. But according to Livingston's (19) observations this lifetime will 
be shortened by impacts with molecules of many organic substances which cata- 
lyze back reactions leading to the stable modification of chlorophyll. In the 
present case the chlorophyll is in permanent contact with the protein, a fact 
which easily can account for the reduction of this lifetime to the desired value. 
We, therefore, propose that impacts between the chlorophyll tautomer and 
oxygen are also responsible for the photoxidation. By the reaction of the un- 
stable tautomer with oxygen, monodehydrochlorophyll and HO 2 are formed 
(as in organic solutions — compare Weiss (20) and Franck and Livingston (18)). 
The radical HCh is able to oxidize organic matter but its oxidalion reactions 
have to compete with back reactions in which the stable modification of 
chlorophyll and molecular oxygen are restored. In very dilute, true solutions 
the chance for back reactions is small but since in our case the chlorophyll is 
adsorbed in a high concentration on complicated interfaces of a protein, the 
back reactions become very significant. The HO 2 , especially at higher light 
intensities, has ample opportunity to collide with monodehydrochlorophyll be- 
fore it can attack the substrate to be oxidized. Calculations yield the result 
that under the conditions mentioned the quantum yield must be small* for 
small concentrations of the oxidizable substrate and that the oxygen consump- 
tion will rise with the square root of the light intensity. The first result is in 
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accordance with our observations and the last one is at least not in contradic- 
tion to the results here presented, within the limits of error of the experiments* 

SXJHMARY 

1. Photoxidation in leaves is measured by exposing them to light in an at- 
mosphere free from carbon dioxide but containing varied percentages of oxygen. 

2. Photoxidation is observed in living leaves as well as in dead ones and in 
plant juices. Its rate is only slightly enhanced by feeding the leaves with 
sugar, but the respiration (autoxidation) becomes considerably enlarged during 
the exposure and the following dark period. 

3. The rate of photoxidation rises slower than linearly with light intensity; 
its dependence upon oxygen pressure has the character of a saturation curve. 
Oxygen saturation occurs at about 6/10 of an atmosphere of oxygen. A 
similar dependence on oxygen pressure has been observed by GafFron for 
photoxidation in vitro sensitized by chlorophyll adsorbed on proteins and by 
Warburg for the depression of the saturation rate of photosynthesis. 

4. The influence of photoxidation on photosynthesis and the chemical 
kinetics of photoxidation are discussed. 
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THE MAGNETIC BEHAVIOR OF CATALASE 

By L. MICHAELIS and S. GRANICK 
{From the Laboratories of The Rockefeller IfutUute for Medical Research) 

(Received for publication, June 25, 1941) 

Pauling and Coryell’s (1) measurements of the magnetic properties of hemo- 
globin and several of its derivatives have revealed that observations along these 
lii'iCs a.i'e capable of contributing a great deal to the elucidation of the chemical 
structure of such compounds. Hemoglobin has turned out to be one of the 
strongest paramagnetic substances whereas oxyhemoglobin is not paramagnetic 
at all, indicating a profound change in the nature of the chemical bonds between 
iron and the attached groups as a result of the combination with molecular 
oxygen. Such a surprising result suggests extending this study to other heavy 
metal complexes of biological interest. It is the task of this paper to extend 
such measurements to catalase. Here, the task is very much more difficult 
than for hemoglobin. In addition to the difficulty of obtaining enough ma- 
terial, there is the risk of denaturation on thorough drying. It is not advisable 
to investigate the dried crystals of catalase. It is not feasible, either, to at- 
tempt measurements in solution since the solubility is too small within the 
permissible pH range. So one has to resort to investigating suspensions of the 
wet crystals. Fortunately, such a suspension in a suitable phosphate buffer 
is stable enough and sedimentation is negligible. However, a further difficulty 
remains, namely, that catalase has nearly four times the molecular weight of 
hemoglobin. Its iron content is 0.1 per cent approximately; i.e., about one 
quarter that of hemoglobin. So it is impossible to obtain solutions or even 
suspensions comparable in iron content per cubic centimeter with that of 
readily obtainable concentrations of hemoglobin solutions. 

Supposing the susceptibility per gram-atom Fe to be th^ same as in hemo- 
globin (in reality it is even smaller), a solution or suspension of catalase would 
produce only one quarter of the pull in a magnetic field of that of a hemoglobin 
solution of equal concentration. For this reason the apparatus used by Pauling 
and Coryell is scarcely sensitive enough. Recently a modification of the 
method has been developed in this laboratory which was originally used for the 
assay of free semiquinone radicals in solution. It is adequate also for the pres- 
ent task. This method is, like that of Pauling and Coryell, essentially Gouy’s 
method converted into a differential method in order to obtain higher sensitiv- 
ity. Some technical details have been published recently and since the method 
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is being still further refined, it may suffice to describe its principles roughly, 
pos^ning the ultimate details until some later time. 

The solution to be measured is filled into the upper compartment of a cy- 
lindrical double vessel (Fig. 1), the lower compartment of which contains either 
water or some solution of suitable susceptibility which is never changed during 
a series of measurements. Only the contents of the upper compartment are 



varied. This vessel is suspended from one pan of a balance so that the dia- 
phragm of the vessel is located between the centers of the pole pieces of an 
electromagnet. When the magnetizing current is switched on, the pull of the 
magnetic field on the upper and the lower compartment of the vessel is in oppo- 
site directions, and only the difference of pull is measured. This increases the 
sensitivity of the Gouy method very considerably. This differential method 
was first used, at least for solutions, by Freed and Kasper (2). The pull is meas- 
ured in the following manner: The semi-micro, magnetically damped balance 
is equipped with a scale at the pointer with 200 divisions, each corresponding to 
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about 1/lOOth of a milligram, which is read through a microscope. What is 
observed is only the maximum deflection from the resting position brought 
about by abruptly switching on the current. Such readings are reproducible 
to ±2 lines of deflection, and a series of ten readings gives a reliable average 
value. The current intensity is adapted to give a deflection of 20 to 120 
It was ascertained that deflections within all current intensities used, namely up 
to 10 amperes, are proportional to the square of the amperage. All readings 
are recalculated accordingly to 10 amperes. 

The significance of each line of deflection, in terms of susceptibflity, depends 
on the diameter of the vessel, the distance of the pole pieces, and the amperage. 
For each vessel, with given pole distance, the “vessel constant,” i.e. the factor 
by which the number of lines of deflection must be multiplied to obtain sus- 
ceptibility in c.g.s. units, is determined as follows. Keeping the contents of 
the lower, compensating compartment constant, the pull is measured first with 
air in the upper compartment, then with water in it. The difference corre- 
sponds to a change of susceptibility = 0.74 X 10^, of which 0.2 X 10^ is that 
of air and —0.72 X 10^ that of water. Now, 0.74 X 10^ divided by the dif- 
ference of the numbers of lines of deflection, each recalculated for 10 amperes, 
for air and for water, is the vessel constant. 

In an actual experiment, the upper compartment is filled with the solution, 
then with the buffer or solvent of the same composition, but not containing the 
dissolved (or suspended) substance to be investigated. The difference be- 
tween the two values, expressed in lines of deflection, multiplied by the vessel 
constant, yields directly the increment of susceptibility due to the substance 
being measured. Small corrections may be necessary; however, they are quite 
irrelevant for the present purpose and may be omitted from this outline of the 
method. The increment in susceptibility divided by the grams of the specific 
substance in 1 cc. gives the susceptibility per gram of the substance. Multi- 
plying this figure by 56 gives x, the susceptibility of 1 g-atom of iron, in the form 
of catalase. Herefrom the magnetic moment, per gram atom of iron, n, is 
obtained by the equation 

H • 2.84 \/X'2' Bohr magnetons 

where T is the absolute temperature at which the measurement has been 
made. 

To check the method, the magnetic moment of KtFeCCN)* was determined 
in a 1/250 k solution, another in a 1/30 u solution, with the results: 2.44 resp. 
2.25 Bohr magnetons using 1.7 cc. of the solution to fill the vessel The first 
of these measurements is based on an amount of about 1.7 mg. of the substance, 
giving a differential deflection compared with pure water of about 25 lines. The 
acknowledged value is 2.33 magnetons; the agreement is satisfactory in spite 
of the minute amount of substance used. In one single experiment with a so- 
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lution of crystallized guinea, pig ferro-hemoglobin in solution we found /x = 5.25 
per g-atom of hemoglobin-iron, as compared with 5.46 according to Coiyell and 
Pauling. 

The experiments with crystallized catalase were performed with a preparation 
made from beef liver according to the method of Sumner and Bounce (3), re- 
crystallized once. The thin flat platelets were suspended in a mixture of equal 
volumes of Sorensen's phosphate buffer pH 7.4, and water. This buffer was 
suitable for keeping the crystals in suspension without any appreciable sedi- 
mentation occurring. The iron content of the dry catalase was 0.0918 per cent. 
The iron content of the final suspension per cc. was 0.0586; 0.0568; 0.0593; 
0.0604; 0.0606; 0.0595; the average 0.0596 mg. This analysis was made colori- 
metrically with the ^^-phenanthroline complex (Hummel and Willard (4)) on 
samples containing 0.03 to 0.1 mg. Fe. The samples of the catalase suspension 
were digested with 1 cc. concentrated H 2 SO 4 and 0.3 to 0.5 cc. HNOa and two 
drops of 70 per cent perchloric acid in a 100 cc. Kjeldahl flask. Blanks were 
determined correspondingly. The following remarks may be helpful. Pro- 
longed heating after SO 3 fumes start to come off should be avoided to prevent 
as much as possible the formation of pyrophosphate and anhydrous ferric sul- 
fate. After the digestion is complete, 10-20 cc. of water are added and the 
solution kept boiling slowly for an hour to decompose any pyrophosphate which 
would seriously interfere with the later development of the color. Even after 
this treatment, the full development of the color with phenanthroline takes 
some time. If the solution, before adding phenanthroline, is allowed to stand 
for 24 hours, the full color will be developed in several minutes. The final re- 
sult, whether attained the one way or the other, is the same. The interference 
of pyrophosphate is serious if not well taken care of, but can be entirely over- 
come once the source of error is recognized. 

The suspension, kept on ice, was used for several magnetic measurements 
over several days. The differential pull unde^ the most favorable conditions, 
at 10 amperes, is about to }4oi a milligram. This ought to be sufficient to 
yield fairly reproducible results. In fact, there is a rather large standard de- 
viation of the results. The authors attribute this fact mainly to warm and 
humid air conditions which are not favorable for precise weighing. A repeti- 
tion, with a further refinement of the method, is planned for the near future. 
The present results are shown in Table I. 

The result is: the magnetic increment per cc. of the suspension, due to the 
presence of 0.0596 mg. of Fe, is (-f-0.094 ± 0.017) X 10^^ Hence, the suscepti- 
bility per g-atom Fe is 8830 X 10“^. Herefrom the magnetic moment results 
as follows 

M + 27] 

— 4.64 Bohr magnetons =h 0.3 
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The accuracy of the figure can certainly be improved by further refinements of 
the method, but even so, the result lends itself to a fair comparison with hemo- 
globin compounds as obtained by Pauling and Coryell, of which we mention 
only 


Ferro-hemoglobin, Bohr magnetons per Fe atom'. 5.46 

Oxy-hemoglobin 0.0 

Fern-hemoglobin 5.8 

Ferri-hemoglobin hydroxide (alkaline methemoglobin) 4.47 


TABLE I 

Various cylindrical, double vessels were used, of 6 to 8 mm. outer diameter, and 10 to 13 
cm. length of each compartment. The column “Vessel constant” shows the change of volume 
susceptibility corresponding to a change of one line of differential deflection, according to the 
calibrations for the particular vessel. All measurements were made at a room temperature 
of 26 to 27®C. The column “Buffer” gives the deflections in lines, when a phosphate buffer 
of the same composition, without catalase, was measured. The colunm “x” indicates the 
excess of volume susceptibility of the catalase suspension over that of the corresponding 
buffer. This is always a positive number, showing that catalase is paramagnetic. No 
corrections for any change in diamagnetic effect are applied. ThQr are not worthy of con- 
sideration at the present state of refinement of the method. 



Buffer 

Catalase 

Difference 

Vessel constant 
X10» 

“x" X 10* 

1 

-54 

-25 

+29 

4.36 

0.126 

2 

-54 

-33 

+21 

4.36 

0.092 

3 

-84 

-41 

+43 

2.89 

0.123 

4 

-91 

-48 

+43 

2.89 

0.123 

5 

+16.7 

+43.5 1 

+26.8 

3.15 

0.086 

6 

+15 

+39.5 1 

+24.5 

3.15 

0.077 

7 

+5 

+26.5 j 

+21.5 

3.18 

0.069 

8 

+25 

+45.8 

+20.6 

3.18 

0.066 

9 

-18 

+18 1 

+36 

2.55 

0.0915 


Average 0.0% 

Probableerror ±0.017 


The magnetic moment of catalase is distinctly smaller tnan tnat of hemo- 
globin and resembles most that of alkaline methemoglobin. 

It is suggestive to investigate also various reaction products of catalase. At 
the present stage of the investigation we do not wish to give accurate figures 
yet, but can state that addition of NaiS204 does not change the susceptibility, 
which seems to be a corroboration of Keilin’s statement that catalase is not re- 
duced by Na^SiOi; and that NaCN, and also NaOH, diminish the susceptibility. 
Since we are working with a suspension, not a solution of the substance, we h^- 
tate to interpret these results for the time being and refrain from giving 
figures. 
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CONCLUSION 

Hie magnetic moment of catalase is 4.6 d: 0.3, nearly the same as that of 
ferric hemog^bin hydroxide. If the moment be due to electron spin alone 
without orbital contribution, 3 free electrons would give rise to 3.9 magnetons. 
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THE VISUAL SYSTEM AND VITAMINS A OF THE SEX LAMPStfv 

By GEORGE WALD* 

{From the Biological Lahoratorws of Harvard Ihiivcrsity, Cambridge) 
(Received for publication, July 14, 1^41) 

What is known at present of the distribution of visual systems suggests 
that the rhodopsin-vitamin Ai cycle is the primitive vertebrate type. The 
iiM'-jie elasmobranchs, all marine teleosts except the Labridae, and all terres- 
Irud vertebrates so far examined possess this system alone (Wald, 1938 39). 
rhe eyes of squid and of crabs also contain exclusively components of this 
system (Wald, 1941). The porphyropsin-vitamin A 2 cycle seems to be a 
comparatively recent development, associated with the evolutionary migra- 
tion of teleost fishes into fresh water (Wald, 1938 39; 1941-42). 

This appraisal of the situation can be tested critically in the cyclostomes, 
for it implies that these animals, though all freshwater in origin, possess only 
the rhodopsin-vitamin Ai system. The cyclostomes — with the closely related 
myxinoids— are the most primitive living vertebrates, surviving members of 
the ancient class or subphylum Agnatha, believed to have pursued an inde- 
pendent evolution since earliest vertebrate origins. All of them are fresh-water 
or anadromous, but this property does not distinguish them from the sup- 
posedly freshwater vertebrate ancestors (Smith, 1932; Romer and (irovc, 1935). 
If it is true that the porphyropsin-vitamin A 2 cycle is a specifically teleost 
innovation, the visual systems of cyclostomes should contrast sharply with 
those of freshwater and anadromous bony fishes. 

In the present experiments this matter is examined in the sea lamprey, 
Petromyzon marinus, an anadromous cyclostomc. The life history of this 
animal has been described in detail by (iage (1927). It spawns in freshwater 
streams in the late Spring, and dies shortly thereafte’^ The so called am- 
mocete larvae are blind, and differ profoundly in structure from the adults. 
They spend 4 5 years in the sand or mud bottoms of the parent stream, feeding 
upon microorganisms. At a final larval length of 5-7.j inches they metamor- 
phose to the adult form and usually migrate to the sea. Here they appear 
to feed primarily upon the blood of fishes to which they attach by suction 
through their disc-shaped mouths. The marine phase lasts li-3j years, and 
is terminated by the return to fresh water to spawn. Like anadromous teleosts, 
sea lampreys can spend their entire life cycle in fresh water without detriment. 

* This research was supi^orted in part by a grant from the Josiah Macy, Jr. Founda- 
tion. The spcctrophotometric work was supported by the Milton Fund of Harvard 
University. 
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The lampreys used in the present experiments were sexually mature animals, 
about 2 feet in length, taken from brackish tidal waters of the Exeter River in 
New Hampshire during the spawning run. The tissues were dissected out 
on the river bank and transported in dry ice to the laboratory. Through the 
kindness of Dr. E. J. W. Barrington T have been able also lo examine the livers 
of late larvae of land-locked /^ mariniis taken from streams about T.,ake Oneida 
in New York State. 


Rye Tissues 

The retinas dissected from highly light adapted animils in broad daylight 
were com])letely colorless. Under similar circumstances lish and amphibian 
retinas usually adhere firmly to the underlying pigment epithelium. The 
lamprey retina, however, readily c )mcs away entirely free of pigmented tissue. 
This peculiarity is probably associated with the rei)orled absence of pigment 
migration and photomechanical changes in P. miirinus (Walls, U)3S). 

Hatches of 10 hO retinas were extracted by sh iking exh lustively with chloro- 
form. The extract was sapmified in 6 per cent KOI I in methinol under a 
stream of nitrogen. The non-siponifiable fraction was takjn up in benzine, 
transferred to 0.3 cc. of chi iroform, and tesled by mixing with 3.2 cc. of an- 
timony chloride reagent. A spectrum of the resultant blue lest solution is 
shown in Fig. 1.‘ 

Such spectra are dominated by the higii band at 602 6% m.u which char- 
acterizes vitamin A 2 . A broad inflection at 620 510 m/x includes tie 615 
mg “hump” which always acc )nip:inies the vitamin A> baiul, and a low absorp- 
tion due to vitamin Ai, 'Fhe ratio of the vitamin Ao absorption at 6% mg 
to that of vitamin Ai at 618 mg, computed as described elsewhere, is 89:11 
ief. Wald, 1938 39). 

The remaining tissues of the fundus, including the pigment epithelium, 
choroid and sclera, also contain a great predominance of vitamin Ao. The 
antimony chloride reaction with an extract of these tissues, ]^repared exactly 
like that of the retinas, is shown in Fig. 2. The ratio of vitamin A 2 to Ai 
absorption in this preparation is 82:18. In another experiment it was 77:23. 
The amount of vitamins A in these tissues is about twice that in the retina. 

The lamprey retina contains, therefore, not the vitamin Ai exjiected by 
virtue of its primitive and isolated phylogenetic position, but predominantly 
vitamin Ao like an anadromous tcleost. The force of this comparison was 
emphasized by a curious circumstance. Our lam])reys were accompanied 

s ‘ All spectra shown in this |)aper are original recordings drawn with Ilardy’.^ 
I hotoelectric spectrophotometer at the Massachusetts Institute of Technology. 
The results are expressed as per cent absorption, 1 - ///o, in which I^^ is the incident 
and / the transmitted intensity. Before they can be used to comjmte relative con- 
centrations they must be converted to extinction or optical density, log fa/I. 
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Fkl 1. Sprrtruni of the antimony chloride* reaction with an extract of lami)rey 
retinas. A high hand at 6'J2 mg due t ) vitamin A 2 and a low al)sor(>tion in the 
region of 618 mg due to vitamin Ai are ju'esent in the proportion 'I'he total 

non-saponifiahle oil from 40 retinas, disst'lved in i).^ cc. chh'roform, had l>een mixed 
with s^.2 cc. of antimony chh)ride reagent and the spectrum measured in a layer I cm. 
in depth 

I'k;. 2. Spectrum of tiie antimon^^ chi )ride reaction with an extract of lamprey 
l)igmeiit epithelia, choroids and ^clera, prepared as in 1 ig. 1. B )th vitamin .V-i and 
A I absorptions are pr(‘sent in the rati ) 82:18. 
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I'lc;. Spectrum of the antimony chloride reaction with an extract of retinas and 
pigment epithelia from the alewn'fe, prepared as in Fig. 1. Only the hand at 6'X^ mg 
due to vitamin A 2 appears in this spectrum. These alewives, anadromous teleost'-, 
accompanied the lampreys used in the present e>periment‘' in their spawniingmigration. 

Fir.. 4. Si)ectrum of the antimony chloride reaction with a chloroform extract ( f 
the livers of late larvae ( f /\ mariniis. The spectrum shows the presence of the 
vitamin Ai hand at 618 mg alone. 
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in their spawning migration by a large number of alewives, anadromous 
teleosts coming in from the sea for the same purpose, 'fhe retinas and attached 
pigment epithelia of a number of these fish were treated precisely like the lam- 
prey tissues. They yielded the spectrum shown in Fig. 3, a single band at 693 
m/i due to vitamin A 2 . 'fhus the retinal vitamin A patterns of the lamprey 
and alewife run parallel with their salinity relations in spite of their wide 
phylogenetic separation. 

Compared with freshwater and anadromous teleosts, however, the lamprey 
retina contains an extraordinarily small amount of vitamin A 2 . If its content 
is stated as 1, that of the pickerel retina is about 5, the calico bass 14, the white 
perch 25, the alewife 65, and the carp 200 (Wald, 1938-39).'* 

For this reason porphyropsin must appear in very low concentration in (he 
lamprey retina, so low as to discourage an attempt on our part to extract it. 
But both the presence of porphyropsin and its low concentration can be in- 
ferred from earlier observations. Kiihne (1878 «, h) reported that retinas 
of dark adapted P. jluviatilis display a strikingly feeble color, which despite 
its low saturation could be identified clearly as purple, inclining in hue toward 
violet or bluish. Walls (1935) describes the color of dark ada|)ted P. marinus 
retinas as “truly purple (rhodopsin is usually red in color).^’ The [mrple color 
is characteristic of porphyropsin. 

Liver 

The larval lamprey iiossesses a liver, gall bladder, and bile duct of normal 
appearance. During metamorphosis both the latter structures are lost, and 
with them all direct connection witli the intestinal lumen. Yet the liver grows 
thereafter to a large size, and presumably retains important metabolic func- 
tions. In the migrating adult it is deep green in color, due apparently to 
suffusion with bile pigments. 

Fresh livers of late larvae were extracted by shaking exhaustively with 
chloroform. The extract, tested with antimony chloride, yields the single 
band at 618 m/x which characterizes vitamin Ai (Fig. 4). The fresh liver 
weighs about 20 mg., and each liver contains about 1.3 /xgfu. of vitamin A, 
or about 61 jugm. per gram of fresh tissue. This should be a low but not 
unusual concentration in the livers of teleost fishes (Sakamoto, 1941). 

The identification of vitamin A in adult livers proved to be troublesome. 

The tissues were ground fresh with an equal weight of anhydrous sodium sulfate, 
and were extracted with ;/-pentane in a Soxhlet ai)paratus. About 10 jut cent of the 
ti.ssue weight of dee]) brown or greenish brown oil was obtained. A portion of this 
tested uifh antimony chloride yielded a highly turbid, impenetrable mixture, 'fhe 

-41 

“ The very low concentrations of vitamin A2 in the eye tissues and Ai in the liver 
(see below) of the migrating lamprey suggest that it is in a state of severe nutritional 
deficiency. Probably the lamprey, like a number of teleost fishes, stops feeding 
toward the beginning of its spawning migration. 
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oil was saponified in 6 per cent KOH in methanol at 50 'C. under nitrogen. The 
non-sai)onifial)le fraction, extracted with benzine, was sur|)risingly large, and when 
tested with antimony chloride yielded brown mixtures with rapidly changing spectra 
in which the bands of vitamins A could not be identified. Finally a portion of the 
non-saponifiable oil dissolved in benzine was run through an adsorption column of 
equal parts magnesium oxide and celite. An orange band was adsorljed high on the 
column, and below this a broad colorless zone which fluoresced strongly greenish- 
white in ultraviolet light. Such fluorescence is characteristic of vitamin Ai. 'Phe 
fluorescent zone was cut away from the rest of the column, eluted with I ]kt cent 
methanol in benzine, and the extract tested with antimony chloride. 

'Phe resultant spectrum is shown in Fig. 5. It displays a single band at 
61 2 m/x, due to vitamin Ai. In the course of this procedure too much material 



Fio. 5. S])ectrum of the antimony chloride reaction with an adsorbed fraction 
of the non-saponifiable oil from adult lam])rey livers. The spectrum shows the 
presence of vitamin Ai alone. 

was lost to permit an estimate of the vitamin A content of the adult liver, but 
this was clearly very low. 

The lamprey liver therefore reverses the vitamin A pattern of the eye tissues, 
containing primarily if not exclusively vitamin Ai. Such reversals of vitamin 
A configuration in eyes and livers have previously been encountered in fresh- 
water and anadromous teleosts: the carp, chinook salmon, and brook trout 
(Wald, 1938-39). 

DISCUSSION 

Earlier experiments have demonstrated a genetic correlation between the 
salinity relations of a wide variety of fishes and the com]>osition of their visual 
systems. The present observations extend this relation smoothly into the 
group of cyclostomes. The anadromous sea lamprey possesses a great pre- 
dominance of the porphyropsin- vitamin A 2 system, precisely like an 
anadromous teleost. 
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'Fhis observation enormously broadens the evolutionary status of vitamin 
A2, heretofore believed to be associated exclusively with the entry of teleost 
lishcs into fresh water. It shows that the capacity to use and probably to 
synthesize vitamin A2 is a deep and recurrent vertebrate property. Since 
lampreys possess vitamin A2, freshwater elasmobranchs may be exj^ected to 
do so also; and the same may be true even of freshwater invertebrates. In 
any case the lamprey result calls into immediate question the conce]>t that 
Ai is the primitive and fundamental vertebrate vitamin A. 

SUMMARY 

The porphyropsin-vitamin A2 cycle has been found heretofore only in the 
retinas of bony fishes capable of existence in fresh water. C'yclostomcs, due 
to their primitive and isolated phylogenetic position, might be expected to 
possess the rhodopsin-vitamin Ai cycle common to marine elasmobranchs, 
almost all marine teleosts, and all terrestrial vertebrates so far examined. 
Yet the anadromous sea lamprey, Petromyzon mariniis^ jiossesses primarily 
the por[)hyropsin system, like an anadromous teleost. I'his observation 
greatly extends the phylogenetic association of vitamin Ao with the capacity 
for freshwater existence. 

C'ompared with freshwater and anadromous teleosts, the lamprey retina 
contains the j)orphyropsin system in extremely low concentration. 

The remaining eye tissues, like the retina, contain both vitamins Ai and 
A2, the latter greatly i^redominant. I'he livers of larval and adult lami)reys, 
however, api)ear to contain vitamin Ai alone. This situation also is not 
without teleost jirecedent, since the carp and certain anadromous salmonids 
display similar reversals of vitamin A ])attern in the liver and eye tissues. 
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REVIVAL OF MAMMALIAN SPERM AFTER IMMERSION IN LIQUID 

NIl^ROOEN 

By HUDSON HOAGI.AND and GRKClORY PINCUS* 

{From the Physiological Laboratories y Clark University y Worcester) 

(R(‘cciv(‘fl for ])ul)lication, October 9, UMl) 

I 

It has been shown (Hoaf^larul, IQ.LS) that we estimate clock or “f)ublic” time 
as longer the hiji^licr the internal body temperature. Experimentally we sys- 
tematically count more subjective seconds to the clock minute the higher the 
in tcrnal temperature and this makes clock time appear to drag. The Arrhenius 
equation was found to describe the human time sense sur])risingly well. 'I'he 
rate of passage of “private” lime (counting estimated seconds) yields a /x value, 
or temperature characteristic, of 24,000 calories, a value associated in several 
studies with cellular respiration. 

It is well known that some living organisms can recover after being .subjected 
to the very low temperatures of the liquified gases such as air, hydrogen, and 
helium. For such organisms at these very low temperatures, with metabolism 
virtually stopped, time, as a reci])rocal rate of some aspect of metabolism, must 
pass very rapidly as far as the organism is concerned. Since life, and its con- 
comitant aging processes, is a series of chemical events proceeding irreversibly 
towards death, these temperatures must essentially stop aging processes. 
Such organisms are, for all intents and purposes, projected forward into the 
future at these low temperatures. A stay of a century at — 27()°(\, the temi)er- 
ature of liquid helium, with subsequent warming and recovery, would, if it 
were possible to effect, be preci.sely equivalent to projecting the organism for- 
ward a century into the future— a .sort of Wellsian time machine idea. 

Luyet, who has made a number of contributions to the llbld or low tempera- 
ture effects on organisms, has recently reviewed with (iehenio (1940) the 
subject of life and death at low temperatures. Some 120 studies, beginning 
with those of Pictet in 1893, have demonstrated that a variety of small organ- 
isms can withstand the temperatures of the liquified gases. 'Phese include some 
bacteria, protozoa, plant cells, and a few metazoans. The procedure in general 
involves rapid chilling and warming so as to vitrify the organisms and not 
permit their water to crystallize. Crystallization of water takes time and 
colloidal .solutions with their large particles are relatively slow to crystallize. 

* Fellow of the John Simon (iuggenheim Memorial Fouii<lation 
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The crystallization range for protoplasmic systems, according to Luyet, ex- 
tends for only some 30-40® below 0®C. Rapid passage through this range is, 
for most organisms, essential if they are to survive extremes of chilling. More- 
over, the length of time spent at temperatures below the freezing or crystalliza- 
tion range usually, as we should expect, has no effect on the per cent of revivable 
organisms (Luyet and Gehenio, 1940; Luyet and Hartung, 1941). Organisms 
of more than a millimeter or so in size cannot survive this treatment since heat 
cannot be conducted from and to their interiors fast enough on chilling and on 
warming to prevent internal crystallization and death. The water content 
of the organisms also is important. In general, organisms with a low water 
content best withstand vitrification. 

The germ plasm of mammals seemed to us to be of special interest in connec- 
tion with vitritication since the storage of sperm would be of value hi connec- 
tion with the fertilization to produce offspring perhaps generations after the 
donor’s death. 

Luyet and Hodapp (1938) vitrified and revived an appreciable number of 
frog sperm after removing some of their water content by plasmolysis with 
hypertonic sucrose solutions. They were, however, unable to revive any rat 
sperm. Shettles (1940) in the course of a study of the physiology of human 
sperm had been able to vitrify and revive a few per cent of seminal human 
sperm immersed in capillary tubes in the liquified gases and later rapidly 
warmed. 


n 

Experiments with Human Sperm 

During the past winter we have confirmed Shettles’ findings and extended 
them. We have been able to revive as many as 67 per cent of sperm after 
exposure to liquid nitrogen at a temperature of — 195°C'. We have used 
seminal sperm always from the same human donor in a series of experiments 
attempting to improve the viable yield. Luyet and Gehenio (1940) described 
immersing small organisms in liquid air by entrapping them in a film on a wire 
loop 2 to 3 mm. in diameter. In this way there is only a small amount of sur- 
rounding liquid and contact is favored with the refrigerant. This method of 
immersion with certain types of pretreatment of the sperm produced occasional 
small yields of motile sperm after liquid nitrogen (see Table I). With human 
sperm our best results came by producing an air emulsion, or foam, of the sem- 
inal fluid by bubbling it through a capillary pipette and plunging it, trapped 
on a very fine wire screen into the liquid nitrogen. The solidified foam is 
afterwards warmed by quickly plunging it into a small volume of isotonic 
Locke-Ringer solution, glucose phosphate solution, or blood serum at approxi- 
mately 3S°C. The sperm, motile and dead, are then counted with an hemo- 
cytometer. The revived sperm show motility indistinguishable from that of 
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TABLE I 

Experimmts vitk Human Sperm 


Date 

Method of pretreat* 
ment 

Method of immersioo in 
liquid nitn^en 

Results: Per cent 
motile 

after liquid Ns 

Comments 

1940 





Nov. 23 

None 

i In film on wire loop 

Negative 

Warming solution is 


II 

Semen in capillary 

II 

isotonic glucose 



tubes 


, phosphate unless 


Plasmol 3 rsis to im- 

Ip films on loop 

II 

otherwise stated. 


mobility in 2 h 



The warming so- 


glucose phos- 



lution is always 


phate 



tested for its effect 
on controls 


Plasmolysis with 1 

II II 11 II 

3-18 per cent 

About the same 


M glucose phos- 



number revivable 


phate for 2 min. 



after this plasmol- 
ysis alone and 
without chilling 

Dec. 7 

Isotonic glucose 

II II II II 

Negative 

Dipped in toluol and 


phosphate 



dry ice mixture 
at -79® C. 

Dec, 8 

Various solutions 

In capillary tubes 

II 



glucose phos- 
phate ranging 
from isotonic to 
many times hy- 
pertonic 

In films on loop 

II 


Dec. 13 

Very fresh sample 

II II II II 

II 



no pretreatment 
Plasmolyse 1 M 

II II II II 

Cl 



glucose for 10 
min. 





Plasmolyse 1m 

II II II Cl 

0.05 per cent 

Found none alive 


glucose for 2 min. 



v^ith < 2' plas- 
molysed 



In capillary tube 

Negative 

Found none alive 





with > 3' plas- 
molysed 

Dec. 14 

Pretreated as fol- 

In film on loop 

II 



lows; none, plas- 
molyse with vari- 
ous concentra- 
tions of glucose 
phosphate for 
from ^ to 40 
min. 
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tABLE l—CoHtiMud 


Date 

Method of pretreat- 
meat 

Method of immertion in 
liquid nitrogen 

RemlU: Per cent 
motile 

after liquid Ni 

Comments 

1940 





Dec. 22 

Plasmolyse with 
Ringer X 5 
Plasmolyse with 
Ringer X 3.3 

For 15 sec. 
Plasmolyse with 
Ringer X 3.3 
For 5 min. 
Plasmol 3 rse with 
Ringer X 3.3 
For 13 min. 

In film on loop 

(( (( <c tt 

tt tt tt tt 

tt tt tt tt 

None 

1 per cent 

2 per cent 

4 per cent 

Sperm H hr. old 


Plasmolyse with 1 

tt tt tt tt 

Negative 

Note no pretreat- 


M glucose phos- 
phate no pre- 
treatment 

Bubbles dropped in 

1 per cent 

ment here. 

Dec. 25 

None 

Plasmolyse with 3.3 
X Riiager for 2 
to 7 min. 

None 

tt tt tt 

it tt tt 

In film on loop 

2 per cent 

0.1 per cent 

Negative 


1941 

None 

Bubbles and foam 

15-30 per cent 

Note curious effect 
of bubble immer- 
sion 

Jan. 16 

Human sperm in 
rabbit serum 

tt tt tt 

20.4 per cent 

Controls alwa 3 rs 

taken in conjunc- 


a <f 

tt tt tt 

28.8 per cent 

tion with each 


None 

None 

Semen sperm with 
isotonic glucose 

phosphate 
« « 

it tt 

it ft 

Sperm in rabbit 
serum again 

tt tt tt 

tt tt tt 

tt tt tt 

tt tt tt 

tt tt tt 

tt tt tt 

tt tt tt 

12.2 per cent 
9.2 percent 
7.0 per cent 

3.5 per cent 
Negative 

1.9 per cent 

12 . 1 per cent 

test. (See Fig. 1) 

Mar. 23 

4 min. air drying of 
smear 

Fine mesh copper 
screen 

3.1 per cent 

Controls 75 per cent 
motile 


None 

Smear on cello- 
phane 

50 per cent 

tt tt 


Sperm in beef 
serum 

Cellophane smear 

Negative 

Controls 67 per cent 
motile 
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MINUTES 

Fig. 1. Upper curve shows effect of age after emission on motility of human 
seminal sperm. Lower curve shows, for the same sample, per cent motile spenn 
after vitrification in liquid nitrogen with subsequent warming as a function of age 
after emission. Middle dashed curve shows the per cent of living spenn before 
vitrification which survived liquid nitrogen and subsequent warming. 

normal controls. We have tried a wide variety of plasmolysing solutions as 
pretreatment to increase the yield. These will be considered later in connec- 
tion with our experiments with rabbit sperm. In the case of human sperm 
pretreatment of this kind usually tends to decrease the yield. With the foam 
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method we typically get yields of 20 to 40 per cent with fresh sperm samples. 
There is a certain amount of variation from day to day. Table I summarizes 
our work with human sperm. 

Freshness of the samples of human sperm is important. This was also em- 
phasized by Shettles’ experiments. Fig. 1 shows a typical curve of per cent 
recovery of motile sperm after chilling to — WS^C. as a function of the sample’s 
age since emission. The recovery curve parallels a control curve treated the 
same way except for chilling. Table 11 shows further data from another sam- 
ple of sperm indicating the effect of age in vitro on the sperms’ ability to with- 
stand the temperature of liquid nitrogen. 

We do not know how long sperm would remain viable at — 19S®C. but we 
would expect them to do so indefinitely. Shettles kept samples of human 
sperm at — 79®C. up to 70 da)^. His data show a small decrease in viability 


TABLE II 

Experiments with Human Sperm 


Age of spenn in vitro 

Total motile after 
liquid nitrogen 
immersion 

Motile sperm in 
unchilled controls 

Living sperm motile 
after liquid nitrogen 
immersion 

min. 

per cent 

Per cent 

Per cent 

40 

50.0 

75 

67 

65 

20.6 

— 

— 

88 

— 

SO 

— 

130 

15.0 

52 

29 

140 

15.0 

52 

29 


over this period. But with his small yields and with the wide variability in 
samples showing these low yields we do not regard this apparent trend in a few 
experiments as significant. 

m 

Animal Sperm 

Human sperm withstand vitrification and revival better than do those from 
other animals that we have examined. Our preliminary experiments with 
sperm from rat, mouse, guinea pig, rabbit, and bull yielded completely negative 
results. We accordingly decided to investigate rabbit sperm systematically. 
We have studied sperm samples from the vas deferens of 31 rabbits and also 8 
samples of ejaculated rabbit sperm. Luyet and Hodapp were unable to revive 
frog sperm smeared in films on mica and dipped in liquid air without first 
plasmol 3 rsing them in sucrose solutions. After 3 minutes of plasmol}rsis in 2 m 
sucrose solution, about 40 per cent of their frog sperm ceased motion but the 
remainder survived immersion in liquid air if followed by very rapid warming. 
These revived sperm were motile as long afterwards as were controls. 
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We have found that this same procedure does not permit any revival of 
mammalian sperm just mentioned. Human sperm occasionally give by this 
procedure a small viable yield (Table I). We have plasmolysed rabbit sperm 
for lengths of time varying from 2 seconds to- 30 minutes in many solutions. 
These include Ringer solution var 3 ring from isotonic to ten times isotonic. We 
have varied the Na, Ca ratio and K, Ca ratios of our pretreating solutions. 
We have plasmolysed with rabbit, human, and beef serum ranging from isotonic 
to five times isotonic. We have pretreated the sperm with glycerine, mineral 
oil, olive oil, citrate, gelatin, petroleum ether, and hypertonic solutions con- 
taining butyric acid. All of our experiments were controlled in that the effect 
on sperm of each pretreating agent was first determined not to produce irre- 
versible immobilization. We have also pretreated rabbit sperm with sterile 
human seminal fluid. 

Following a method of Luyet we have immersed the pretreated sperm sam- 
ples into the liquid nitrogen by exposing them as films on fine wire loops, by 
smearing them on mica and cellophane, and by our foaming technique de- 
scribed above in connection with human sperm. We have tried dehydration 
by the air drying of films and of foam at various rates and have also vacuum 
dried the sperm at — 79®C. after liquid nitrogen immersion in order to sublime 
off excess water. In some of the experiments we have used a machine for 
transferring the sperm into the liquid nitrogen and then retransferring them 
to the warming medium. This machine effects the transfers in approximately 
0,01 second but this does not produce appreciably better results than rapid 
transfers by hand. All of our experiments have been repeated several times, 
usually on sperm from different rabbits. Our warming medium has usually 
been an isotonic glucose phosphate solution experimentally demonstrated to 
be a good medium for rabbit sperm. Isotonic Locke-Ringer is about equally 
effective. Rabbit serum maintains motility a little better than either of these 
media. 

Positive results have occurred only as follows: Occasionally we have had 
approximately 0.1 per cent revival of bull and of rabbit sperm after liquid 
nitrogen immersion by pretreating them for several minute?>with Ringer solu- 
tion of from 1 to 2 times isotonicity containing double the normal amount of Ca. 
Very occasionally we have had a comparable yield of motile rabbit sperm after 
plasmolysing for 5 to 10 minutes in a solution of 5 times the normal Ringer 
concentration. Our best consistently reproducible results on recovery of 
motile ^bbit sperm after immersion at — 19S®C. have been obtained by first 
drying thin smears of otherwise untreated vas or ejaculated sperm nearly to 
completion on cellophane in air. These, after the chilling, yield from 0.1 per 
cent to as much as 1.0 per cent motile sperm when rapidly warmed. Pje- 
treatment of rabbit sperm for from 2 to 10 minutes with a solution made up of 
0.01 N butyric acid in 3-4 times the normal Ringer or serum concentration also 
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yields positive and repeatable results to the extent of about 0.1 per cent re- 
coverable motile sperm after liquid nitrogen. All of the plasmolysing solutions 
that are effective produce complete immobilization on their own account, but 
this is reversible when the sperm are put in isotonic Ringer solution, serum, or 
glucose phosphate solution. 


SUMMARY 

1. A wide variety of procedures was used to test the motility of mammalian 
sperm after plunging them into liquid nitrogen at — 195®C. and later rapidly 
warming them to 3S®C. by plunging them into a suitable balanced and isotonic 
medium. 

2. Using seminal fluid sperm from the same human donor, maximal numbers 
of motile sperm survived vitrification when the samples were (a) very fresh, 
(6) untreated with plasmolysing solutions, (c) plunged into the refrigerant in 
the form of a foam. The maximum yield of motile human sperm recoverable 
from the liquid nitrogen was 50 per cent. Since in this sample only 75 per cent 
of the sperm were alive before inunersion, 67 per cent of the living sperm 
survived vitrification. 

3. Experiments with sperm from 31 rabbits were made with a variety of 
conditions of pretreatment to obtain maximal yields of recoverable, motile 
sperm after vitrification by liquid nitrogen, (a) A consistent recoverable 
yield of about 0.5 per cent was obtained when the untreated suspension of 
sperm was smeared on cellophane and partially dried in air before immersing 
in liquid nitrogen, (b) On a few out of many occasions plasmolysis for several 
minutes with hypertonic Ringer solution gave a recoverable yield of 0.1 per 
cent as did (c) pretreatment with hypertonic Ringer and butyric acid. 
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THE RADIOACTIVITY OF POTASSIUM FROM HUMAN SOURCES 
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Medicine and Dentistry of The University of Rochester^ Rochester^ 

New York) 

(Received for publication, August 9, 1941) 

The purpose of this paper is to present data which have accumulated in our 
laboratory over several years tending to show that the relative abundance of 
the naturally radioactive isotope of potassium in the human body is prob- 
ably about 2 per cent less than in commercial or “shelf” potassium as supplied 
in the market. The work was begun on account of the statement of Ernst 
(1934) based on an inadequate photographic method that is (relative to 
K®®) more abundant in living cells. Since the work was begun other papers 
by Pohlmann (1938), Pohlmann and Netter (1938), Lasnitzki and Oeser (1937), 
and by A. Lasnitzki (1939) have appeared, all concluding that if K*® is more 
abundant in biological potassium the difference is not over 5 per cent. Since 
more data are desirable to improve the precision of the result it seems worth 
while to publish our data. Moreover, since our experiments were completed, 
Lasnitzki and Brewer (1941) have investigated the abundance of K" in potas- 
sium from various sources and have found it abnormally abundant in bone 
(including the marrow) and in plasma but normal in other tissues except 
tumors where it was low. Presumably similar but smaller differences should 
be found for the radioactive isotope K^®. In our measurements the K^® was 
directly determined but the results are not wholly consistent with these 
expectations. 

Method 

Human ashes were obtained from the crematorium of the dissecting room. It is 
probable that some ashes from dogs and occasional pieces of wood and wrappings 
were included, but all of the ash was biological and most of it was human. The ashes 
were extracted with hot water. Potassium was precipitated from the filtered extract 
by ammonium perchlorate. The precipitate was filtered off and washed in water and 
converted to KCl by heating in the oven. This was changed to K 2 SO 4 by dissolving 
in H 2 SO 4 and evaporating to dryness. This in turn was converted to potassium 
acetate by the addition of the calculated amount of barium acetate. The filtrate 
was evaporated until it was nearly saturated, the final volume being usually about 
10 cc. This solution was sampled with a wash-out pipette for a potassium analysis 
by a slightly modified Shohl and Bennett method and its radioactivity was measured 
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by a Geiger-Mliller counter described by Bale et al, (1939). Other samples of shelf 
potassium (Baker’s analyzed and Kahibaum’s for last 2 samples) were treated in a 
similar way as controls. The actual number of impulses received by the counting 
circuit was four times as large as the figures given since only 1 out of 4 impulses was 
passed on to the counter through the scaling circuit. In some preparations the 
px>tassium was dissolved from the ashes in HCl and the calcium was subsequently 
removed by making the solution alkaline. Excess of barium in preparation No. 7 
was removed by hydrogen sulfide and the KCl was recrystallizcd several times before 
it was finally prepared as the acetate. In this case a spcctrographic analysis of the 
solution, kindly made for us by Dr. L. T. Steadman, indicated that the concentration 
of rubidium was not greater than one part in 5000. A trace of barium was present in 
both samples in apparently equal amounts. 

RESULTS 

Nine different comparisons were made between samples of shelf and of human 
potassium and the results are shown in Table I. Two to six independent 
chemical analyses for potassium were made on each sample. Lacking sufficient 
data to calculate a probable error we have quoted only the maximum deviation 
of these analyses from the average figure which is taken as the concentration of 
the solution. The solutions were counted in alternation in periods of 15 
minutes (usually). The total time devoted to counting each solution is given 
in the table as well as the total number of counts recorded for each solution and 
the background count (using distilled water) calculated for the same length of 
time. The net counts are then divided by the concentration of the solution and 
by the dilution factor to give the corrected radioactivity in the next to last 
coliimn. The relative radioactivity of the human K in terms of shelf K as 1.0 
is given in the last column. In all cases (but one) the radioactivity of human 
K is slightly less than that of shelf K and has an average value of 0.98. 

Dilution Correction 

In certain of the experiments the potassium concentrations were not the same 
in the two solutions which were being compared. In such cases it was necessary 
to make a correction for dilution because the number of counts recorded is not 
proportional to the concentration but falls off slightly on account of the in- 
creasing absorption of the rays by the solution. To determine the magnitude 
of this self absorption a strong solution of potassium acetate (80 to 90 gm. per 
100 cc.) was diluted to various fractions (0.5-0.8) of its original strength and 
counts were made in the original and in the diluted solution. 

A complete theoretical treatment of the self absorption of /S rays is probably 
too complex to be attempted here but the following approximate formulation 
will be sufficiently accurate for present purposes. The number of /? rays ab- 
sorbed should be proportional to the number present or to the concentration of 
and the fraction of those present which are absorbed should be proportional 
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TABLE I 

RdaUve RadioactivUy Shdf Pckasmm and Human Potassium 


No. 

Source 

ofK 

Con- 
centra* 
tion of 
K ace- 
tate 

Extreme 

varia- 

tion 

M 

Dilution 

correc- 

tion 

Dura- 
tion of 
count- 
ing 

ToUl 

counts 

Back- 

ground 

counts 

Net 

counts 

Counts 
per unit 
of K cor- 
rected 

Relative 

radio- 

activity 

1 

Shelf 

percent 

94.5 

rbl.l 


1.0 

min. 

52 

2184 

133 


21.7 

1.0 


Human 

71.4 

dbO.5 

3 

1.04 

52 

1727 

133 

1594 

21.47 

0.989 

2 

Shelf 

94.5 

dhl.l 

3 

1.0 

61 

1744 

176 

1568 

16.59 

1.0 


Human 

66.2 

:i:0.2 

3 

1.05 

61 

1314 

176 

1138 

16.37 

0.987 

3 

Shelf 

93.1 

d=0.6 

2 

1.0 

75 

1393 

168 

1225 

13.16 

1.0 


Human 

59.5 

zhO.S 

2 

1.06 

75 

935 

168 

767 

12.16 

0.924 

4 

Shelf 

80.7 

=h0.6 

5 

1.0 


1675 

167 

1508 

18.69 

1.0 


Human 

67.2 

±0.9 

6 

1.027 

60 

1448 

167 

1281 

18.56 

0.993 

5 

Shelf 

67.2 

Dilutee 

[from 

1.0 

125 

3056 

353 



1.0 


Human 

67.2 

No. 
Same a 

4 

sNo.4 

1.0 

125 


353 

2651 


0.981 

6 

Shelf 

86.8 

±1.0 

8 

1.0 

140 

4275 

543 

3732 


1.0 


Human 

61.1 

±1.6 

8 

1.05 

140 

3328 

543 

2785 

43.41 

1.01 

7 

Shelf 

51.0 

±0.2 

3 

1,0 

50 

890 


780 

15.29 

1.0 


Human 

51.0 

±0.3 

3 

1,0 

50 

870 

no 

760 


0.974 

8 

Shelf 

32.2 

±.02 

3 

1.0 

200 

2414 

422 

1992 

61.86 

1.0 


Human 

29.6 

± . 13 

3 

1.015 


2214 

422 

1792 

59.65 

SI 

9 

Shelf 

85.2 

±0.5 

3 

1.0 

100 

2653 


2453 

28.79 

1.0 


Human 

82.1 

±0.2 

3 

1.006 




2324 

28.14 



The next to last column is obtained by dividing the net counts by the dilution correction 
and by the concentration. In No. 8 the densities of the solution were 1.162 and 1.147 whence 
the concentrations as determined from density tables were 35.8 per ce^t and 32.5 per cent. 
Using these values the radioactivity of the human K was 97.7 per cent of that of the shelf K. 
These solutions were made from No. 7 after the latter had been partially converted to sulfate 
for analysis. In No. 7 the human potassium had a slightly higher density (1.245) than the 
shelf potassium (1.235) although the chemical analyses came out exactly equal. The cor* 
responding concentrations are 56 per cent and 53.5 per cent respectively. Using these values 
the radioactivity of the human K is 93.7 per cent of that of the siielf K. In No. 9 the densities 
were 1.342 and 1.335 respectively in the shelf and human samples respectively. Using 
concentrations read from ^ese values the relative radioactivity of the human sample would 
have been 0.96. 

to the density of the solution or to the total concentration of potassium acetate 
in grams per 100 cc. In other words the number of counts not recorded be- 
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cause of self absorption should be proportional to the square of the concentra- 
tion. Consider two concentrations (grams per 100 cc.) Ci<Co giving total 
counts Tx<Tq. Then 

Co * Cl 


This may be transposed to 

ri/Ci __ ^ KCo-Ci) 

To/Co " To/a “ \ Co/ 


( 2 ) 


where the constant and Co/To is assumed constant. Now T/C may 

To 

be termed the specific radioactivity of the sample of potassium (number of 
counts per unit of K) so that in words this means that the specific radioactivity 
of a dilute solution is higher than that of a concentrated solution by a factor 
whichy for a given value of Co, is proportional to the difference in concentration. 

To determine the dilution correction we have made six comparisons between 
a concentrated solution of K acetate and a solution obtained by diluting that 
solution to 0.5 or less of its original strength. The results are shown in 
Table IL 

In the 6rst two of these comparisons the dilutions were made by pipettes in 
the usual way. This, however, introduced some possible error because of the 
high viscosity of the potassium acetate solution and because of the shrinkage 
of volume when it is mixed with water. In all the later dilutions the shrinkage 
of volume was measured and corrected for by measurements of the density of 
the solutions and in the last three comparisons the dilutions were made alto- 
gether on a basis of weight and density rather than by direct volumetric meas- 

T /C 

urement. In Fig. 1 the values of are plotted against the dilution fraction 

i o/Co 

Cl/Co, the results of the last three comparisons being indicated by open circles. 
With the exception of one point, which seems to be too high all the points lie 
fairly well along a straight line through the origin of slope = K according 
to equation 2. We can find no reason for the high value obtained in this one 
case; the dilution was checked by density determinations and the solutions 
were counted with unusual thoroughness on two different counters (3 a and 3 b 
of Table II) with almost identical results. We have drawn the curve without 
regard to this aberrant value and have used it for correcting values obtained in 
Table I. However, if the higher value had been used it would have made the 
radioactivity of the human potassium still lower in relation to the shelf po- 
tassium. 

In Table I all the solutions except Nos. 5, 7, and 9 were prepared directly 
from human ashes as already described. In all these cases some correction for 
difference in concentration on the basis of Fig. 1 was required. To avoid this 
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correction Nos. 5 and 7 were prepared from previous solutions of human po- 
tassium to have the same concentration as the shelf potassium used for com- 

TABLE n 


DiUa for Dilution CorrecUon 


No. 

Concen- 
tration of 
K 

acetate 

Dilution 

Deniity 

Duration 

of 

counting 

Total 

counts 

Back- 

ground 

counts 

Net 

counts 

CounU 
per unit 
ofK 

corrected 

Relative 

radio- 

activity 


Pif cent 



min. 


■■ 




1 

94.5 



40 

1141 


1021 

10.8 

1.0 


66.2 



40 

874 


754 

11.4 

1.054 

2 




70 

1531 

145 


13.82 

1.0 


60.6 



70 

1040 

145 


14.77 

1.069 

3a 

78.0 


1.328 

90 


332 


28.9 

1.0 


55.8 


1.245 

90 


332 


31.2 

1.080 

36 


0.71S 

1.328 

90 

2374 

215 

2159 

27.7 

1.0 


55.8 


1.245 

90 

1877 

215 

1662 

29.8 

1.075 

4 

99.2 


1.395 

60 

1896 

120 

1776 

17.90 

1.0 


71.8 



60 

1564 

120 

1344 

18.72 

1.045 

5 

99.2 


1.392 

60 

1872 

132 

1740 

17.54 

1.0 




1.218 

60 

1092 

132 

960 

19.00 

1.083 

6 

99.2 


1.395 

90 

2887 

213 

2674 

26.95 

1.0 


62.8 


1.267 

90 

1981 

213 

1768 

28.15 

1.044 



Fig. 1. Correction for dilution of potassium acetate in range where Co “ about 

Fi/Ci 

90 gm. of salt in 100 cc. of solution. The correction *= ;;rT;:r equation 2. 

To/Co 

parison. No. 9 represented a pooled sample of human potassium prepared 
from all that remained of all the solutions previously used. Before use it was 
reprecipitated and purified. Since the correction for dilution can be regarded 
as having only empirical validity and since such a correction introduces many 
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additional sources of error in the final result most emphasis must be laid upon 
those comparisons where both solutions were nearly equal in concentration; 
i.e., Nos. 5, 7, 8, and 9. AU these four values agree very closely the average 
value being 0.975. The average of all the other values where a dilution cor- 
rection was used was 0.98. 


DISCUSSION 

It is difficult to estimate accurately the reliability of these measurements. 
The average error of the K analyses, however, is about 2 per cent. Taking all 
the comparisons together there were 31 analyses of each type of potassium 
which gives an error of analysis of about 0.36 per cent. The total number of 
counts recorded for the human K was 15,092 X 4. Since the random error 
of counting is proportional to the square root of the number of counts the 
percentage error becomes 0.41 per cent. The error of a ratio of counts to 
concentration is then about 0.55 per cent. Taking the average radioactivity 
of human K as 98 per cent of that of shelf K, it may be stated that a difference 
of 2 per cent with an error of 0.55 per cent could occur by accident less than 
once in 1000 times. The error of the final result may also be estimated directly 
from the results of the nine different comparisons which gave an average value 
of 0.978 with a probable error of the mean of 0.005. On this basis it may be 
stated that a difference of 2.2 per cent could occur by chance once in many 
thousand times. Analysis of our counts on solution 6 for example shows that 
the ratio of the net counts in the two solutions was determined with a probable 
error of 0.6 per cent. Thus in any single determination of the relative radio- 
activity the chief error is in the chemical analyses and no one figure by itself is 
significantly <lifferent from 1.0. Unless, however, there is some consistent 
error in all the determinations which we have not detected it must be concluded 
that all nine determinations together indicate a significant deficiency of 
in human potassium. 

This deficiency in radioactivity of human potassium cannot be due to radium 
salts which are stated to be a common impurity in commercial KCl (Bramley 
and Brewer, 1938) because all of these preparations were sulfated during the 
procedure. Thus the radium would have been precipitated as sulfate and 
removed along with the barium sulfate. Spectrographic analysis shows that 
the rubidium present was too small to influence the count. A separation of 
isotopes of the magnitude observed is by no means impossible. Even greater 
separations have been made by distillation of metallic K (Hevesy, Seith, and 
Pahl, 1931) and by the use of a zeolite tower (Taylor, 1939). In the latter 
method the heavy potassium exchanges somewhat less readily with other 
cations combined with the zeolite. It might be mentioned also that the heavy 
potassium would have a slightly lower diffusion rate. Taking the diffusion 
rates of the two ii^tope^^ inversely proportional to their atomic weights, their 
ratio would be \/39/\/40 = 0.987 which is not far from the difference observed. 
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In most cases the shelf potassium used for comparison was repiecipitated, 
etc. in the same way as the human potassium so that the presence of radium 
emanation which is reported in commercial potassium^ could not have vitiated 
the results. In a few cases, however, the commercial K acetate was used as 
purchased. To test for radium emanation in such a solution we have compared 
a boiled (15 minutes) and an unboiled sample of shelf K acetate and have found 
no change due to the boiling except a possible slight (1 per cent) increase in 
radioactivity without appreciable (0.2 per cent decrease) change in concentra- 
tion as shown by density. 

Assuming that the human potassium does contain only about 98 per cent of 
thr noi tnal radioactivity found in shelf potassium the reasons for this difference 
may luw be considered. One suggestion is that in extracting potassium from 
the human ashes the lighter potassium was more completely dissolved, espe- 
cially from the bones. It seems hardly possible, however, that more than a 
very small fraction of the total potassium of the soft tissues could have re- 
mained behind because of the large amounts of fluid used for extraction. The 
fraction of the total potassium which could be found in the bones may be 
estimated at less than S per cent of the total. If only 10 per cent remained 
undissolved in the total ash the radioactivity would have to be 20 per cent 
greater than normal in this residue to explain the observed difference in the 
fraction extracted. 

A second possibility is that the observed difference indicates that the shelf 
potassium is abnormally high in radioactivity rather than the reverse. We 
have been unable to obtain information from the manufacturer, however, con- 
cerning the origin of the shelf potassium and without this information it is 
diificult to discuss this point. A comparison between potassium extracted from 
very old unweathered Canadian granite and commercial potassium has been 
made by Smythe (1939) but the error of the comparison was of the order of 10 
per cent so that the failure to find a difference is of no help in the consideration 
of our results. Some justification for the use of commercial KCl as a standard 
may perhaps be derived from the work of Brewer (1939) who used the mass 
spectrograph to establish the constancy of the isotope ii^potassium derived 
from various mineral sources. 

One much more probable explanation for our results is that the food which 
we ingest, coming as it does (iiefly from plants, may contain relatively too 
little of the radioactive isotope (although the reverse seems to be the case in 
the sap of Valonia (Jacques, 1940)). The separation could easily be made by 
the root hairs which could permit a more ready diffusion of the lighter atoms 
and could somewhat intensify the difference which would be calculated for 
water diffusion. Against this suggestion is the finding of Brewer (1937) that 
certain plants (kelp) have an abnormally great abundance of the other heavy 

^ Personal communication from Dr. Brewer. 
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isotope In potato vines, however, he found a slight deficiency of so 
that at present no general rule seems to hold for plants. 

If the plants do not cause the observed deficit in R*® then the separation must 
be made by the body. The intestinal mucosa could hardly be respon- 

sible for this effect because it absorbs all but about 2 per cent of the total 
potassium of the food. It seems more likely that the tubular epithelium of 
the kidn^ might be responsible if it reabsorbed the light isotopes more rapidly 
than the heavy ones. (The glomerular membrane would have the opposite 
effect, if any.) As the excess of light potassium in the body accnimulates, how- 
ever, the chance of losing this excess in the urine also incnreases until finally a 
steady state would be reached in which the isotopic composition of the body 
potassium would become constant. In this condition the excess of light po- 
tassium in the glomerular filtrate would be such that the differential absorbing 
capacity of the tubules for the lighter atoms would just suffice to give the 
urinary potassium a normal isotopic composition. At this point the isotopic 
composition of the body would have become fixed and thereafter the isotopic 
composition of the urine would necessarily be identical with that of the food. 
One cannot expect to find, therefore, an excess of in the urine corresponding 
to its deficit in the body; nor an increasing deficiency of in the urine 
corresponding to its deficit in the body; nor an increasing deficiency of 
in the body with increasing age. According to the tubule theory the plasma 
K should have a low radioactivity similar to the average of the body as a 
whole, since free exchange of K betw^een plasma and tissues has been estab- 
lished (Noonan et al,, 1941). We have, however, some tentative evidence 
(unpublished) that plasma K is not abnormally deficient in although there 
is such a deficiency in the K of the crythroc)rtes. If this is confirmed, the 
tubule theory must be discarded. 

Finally it is possible to suppose that the cell membranes in the body are 
responsible for a selection of the lighter isotopes. Lasnitzki and Brewer have 
suggested an ingenious theory which predicts such an effect where the mobilities 
of the potassium isotopes are considerably diminished by association with 
constituents of the tissues. Our results seem to be consistent with this theory 
but it appears that Lasnitzki and Brewer should have found an abnormally 
low content of heavy isotopes in the tissue instead of the predominantly normal 
values which they reported. It is not, therefore altogether easy to reconcile 
our findings with all of those of Lasnitzki and Brewer (1941) although strictly 
there is no direct factual conflict. 


SUMMARY 

A comparison of the radioactivity of potassium from human and commercial 
sources indicates that the radioactive isotope is probably 1 or 2 per cent 
less abundant in human potassium. 
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SOME FACTORS WHICH INFLUENCE THE OXIDATION OF 
SULFHYDRYL GROUPS 

By M. L. ANSON 

{From ihe Laboratories of The Rockefeller Institute for Medical Research^ Princeton^ 

New Jersey) 

(Received for publication, August 6, 1941) 

INTRODUCTION 

The experiments described in this paper show (1) that the oxidation of 
SH groups by common oxidizing agents such as ferricyanide and Folin’s uric 
acid reagent is inhibited by cyanide and promoted by copper sulfate, (2) that 
the SH groups of denatured egg albumin can be oxidized by an equivalent 
amount of ferricyanide even in the absence of denaturing agents, provided 
aggregation is avoided, (3) that the SH groups of denatured egg albumin are 
more easily oxidized by some oxidizing agents in urea or guanidine hydro- 
chloride solution than in a solution of long chain alkyl sulfates^ or in the ab- 
sence of denaturing agents, and (4) that the SH groups of egg albumin partially 
hydrolyzed by pepsin are more easily oxidized than tiie SH groups of denatured 
but unhydrolyzed egg albumin. It will be shown in another paper that urea 
and partial hydrolysis promote the oxidation of protein tyrosine and trjqjto- 
phane groups as well as protein SH groups and that urea promotes the oxida- 
tion even of free tyrosine and tryptophane. 

Now that it is clear that the oxidation of SH groups even by common oxi- 
dizing agents other than oxygen is dependent on cyanide-sensitive catalysts, 
the possibility must always be considered that a difference in the ease with 
which two SH compounds are oxidized may be due, in part at least, to a 
difference in the catalytic impurities present. 

All denaturing procedures bring about the same quali‘i2itive changes in a 
protein’s properties. The differences in the ease with which the SH groups 
of denatured egg albumin are oxidized in the presence of different denaturing 
agents such alkyl sulfate, urea, and guanidine hydrochloride, however, show 

^ In a previous note (Anson, 1939a) it was stated that urea and guanidine hydro- 
chloride, like Dup>onol PC, promote the reaction between ferricyanide and the SH 
groups of denatured egg albumin but that urea and guanidine hydrochloride are less 
effective than Duponol PC. By this statement was meant merely that the amount 
of Duponol PC needed to denature egg albumin and thus to make aU the SH grdUps 
of denatured egg albumin react with dilute, neutral ferric 3 ranide is much less than the 
amounts of urea or guanidine hydrochloride needed to achieve the same result. 
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that the exact reactions of a denatured protein depend on what denaturing 
agent is present. This dependence has also been shown with the nitroprusside 
test. The SH groups of denatured egg albumin give a strong pink color with 
nitroprusside in guanidine hydrochloride solution, a weaker color in urea solu- 
tion, and a still weaker color in alkyl sulfate solution (Anson, 1941). 

It is known from earlier experiments that alkyl sulfate, urea, and guanidine 
hydrochloride all can denature egg albumin, keep the denatured protein in 
solution, and make its SH groups accessible to titration. These earlier ex- 
periments, however, unlike the present experiments, were carried out in such 
a way that they did not permit any conclusions about differences in the ease 
of oxidation of the SH groups of denatured egg albumin in the presence of 
different denaturing agents. In the earlier experiments the SH groups of 
the denatured egg albumin were oxidized in neutral solution by relatively 
strong oxidizing agents such as porphyrindin and ferricyanide. Under such 
favorable conditions for oxidation ^e SH groups of denatured egg albumin 
are oxidized in alkyl sulfate solution as well as in urea solution. They are 
oxidized, as will be shown, even in the complete absence of substances such 
as urea and alkyl sulfate provided the denatured protein is prepared with 
proper precautions. In the present experiments, however, the conditions for 
the oxidation of the SH groups of denatured egg albumin are made more un- 
favorable by making the solution more acid or by using a weaker oxidizing 
agent, the uric acid reagent. Under the new, more unfavorable conditions 
oxidation of the denatured protein does not take place in the absence of 
denaturing agents or even in the presence of long chain alkyl sulfates. When 
urea or guanidine hydrochloride is added or when the protein is digested 
then oxidation takes place even under the less favorable conditions, and the 
effects of urea, guanidine hydrochloride, and hydrolysis on denatured egg 
albumin are thus readily demonstrated. Similarly the effect of added copper 
sulfate on the oxidation of cysteine by the uric acid reagent is demonstrated 
by carrying out the oxidation in an acid solution in which no oxidation takes 
place in the absence of added copper sulfate. In neutral solution, oxidation 
takes place without added copper sulfate. 

The experiments described in this paper have helped to make clearer the 
factors which influence the oxidation of protein SH groups and they have 
suggested experiments with other protein groups. By themselves, however, 
the present experiments are not adequate to decide by what structural mech- 
anisms aggregation, denaturing agents, and hydrolysis influence the SH reac- 
tions of egg albumin. Furthermore, although the urea effects which have 
been observed cannot be imitated by small amounts of copper sulfate, the 
present experiments do not decide to exactly what extents catalytic impuri- 
ties contribute to the effects of various reagents on protein SH reactions. 
Finally, it is not known to what extent the uric acid reagent influences the , 
surface structure and aggregation of denatured egg albumin. 
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EXPERIMENTAL RESULTS 

Cyanide , — ^The oxidation, of the SH groups of cysteine (Mathews and Walker, 
1909) and denatured egg albumin (Rosenthal and Voegtlin, 1933) by oxygen is pro- 
moted by heavy metal compounds, especially copper salts, and indeed does not take 
place at all in the absence of heavy metal catalysts (Warburg and Sakuma, 1923). 
The work on the heavy metal catalysis of oxidation of SH by oxygen has recently 
been reviewed by Bemheim and Bemheim (1939). 

Most commercial samples of guanidine hydrochloride contain impurities which 
catalyze the oxidation of the SH groups of denatured egg albumin by oxygen. This 
oxidation can be inhibited by cyanide (Anson, 1941). When the attempt was made to 
titrate the SH groups of denatured egg albumin in guanidine hydrochloride solution 
with ferricyanide in the presence of cyanide, added to prevent oxidation by oxygen, 
it was found that the added cyanide inhibited not only the oxidation of SH by oxygen 
but also stopped much of the oxidation of SH by ferricyanide. Cyanide also slowed 
up but did not prevent the oxidation of C 3 rsteine by ferricyanide (Anson, 1941). This 
inhibition of ferricyanide oxidation by cyanide indicated that even the ferricyanide 
oxidation requires heavy metal catalysts and led to the present ejqpeiiments with 
cyanide and copper sulfate. 

The oxidations of SH by the uric acid reagent described in this paper are 
more completely inhibited by cyanide than the ferricyanide oxidations pre- 
viously studied. 1 drop of 0.1 N K CN in 10 cc. solution inhibits completely 
the oxidation of cysteine by neutral uric acid reagent. Somewhat more cya- 
nide is needed to inhibit the oxidation of the SH groups of denatured egg 
albumin in neutral urea solution (Table I). 

Heavy Metals . — Copper sulfate promotes the oxidation of cysteine by the 
uric acid reagent and ferricyanide. 

The oxidation of C 3 rsteine by the uric acid reagent which takes place in 
alkaline solution (Folin and Looney, 1922) and in neutral solution (Lugg, 
1932; Mirsky and Anson, 1935) does not take place at pH 4.8. If copper 
sulfate is added, however, the oxidation takes place even at pH 4.8 (Table I). 

Similarly, in neutral solution 1 cc. of 0.(X)1 m ferricyanide is reduced by 
1 cc. of 0.(K)1 M cysteine with disappearance of the brown colo’* of ferricyanide. 
At pH 4.8 the brown color does not disappear. If copper suJfate is added 
at pH 4.8, however, the brown color of ferricyanide is replaced by the weak 
red color of copper ferrocyanide. 

How acid the solution of cysteine has to be made to prevent oxidation by 
the uric acid reagent or ferricyanide varies with different samples of cysteine. 
Presumably different samples of C 3 rsteine contain different amounts of cata- 
lytic impurities. The sample of cysteine used for the experiments in Table I 
was not the most easily oxidized or the least easily oxidized of the samples 
of cysteine I have encountered. If the reagents were completely free of heavy 
metal impurities, oxidation would probably not take place even in neutral 
solution and even a trace of added copper sulfate would promote oxidation. 
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In comparing the oxidation of cysteine under different conditions it is im- 
portant to keep the volume of solution in which the reaction takes place con- 
stant. At pH 5.2 cysteine is oxidized by the uric acid reagent 15 per cent if 
the reaction is carried out for 10 minutes in 10 cc. of solution. If, however, 
the reaction is carried out in 3 cc. with the same absolute amounts of reac- 
tants and the solution is diluted to 10 cc. at the end of 10 minutes, then 71 
per cent of the cysteine is oxidized. In 6 cc, of reaction solution, the oxida- 
tion is 30 per cent complete. 


TABLE I 

E^ect of CN and CuSOi on Oxidation of SH Groups 


10^ nui of cysteine or 10 mg. egg albumin plus 5.9 gm. urea in 10 cc. of 0.1 ic phosphate or acetate solution. 
Oxidation for 10 minutes at 2S”C. by 0.5 cc. of uric acid reagent 


SH compound 

pH 

CuS04 

KCN 

Oxidation 

C3rsteine 

6.6 

m.v X i0« 

0 

mMXlO* 

0 

per cent 

100 

Cysteine 

6.6 

0 

5 

0 

Albumin 

6.9 

0 

0 


Albumin 

6.9 

0 

10 

39 

Albumin 

6.9 

0 

30 

10 

Cysteine 

4.8 

0 

0 

0 

Cysteine 

4.8 

4 

0 

88 

Cysteine 

4.8 

1 

0 

46 


Denaturing Agents . — The SH groups of denatured egg albumin have been esti- 
mated in a variety of ways in solutions of alkyl sulfate, urea, and guanidine hydro- 
chloride which serve to denature the protein and to keep the denatured protein in 
solution. In a neutral solution of guanidine hydrochloride it requires 1 cc. of 0.001 
M porph 3 rrindin to abolish the SH groups of 10 mg. of coagulated egg albumin as shown 
by the abolition of the nitroprusside test (Greenstein, 1938). In a neutral solution 
of Duponol PC, a mixture of long chain alkyl sulfates, 1 cc. of 0.001 m ferrocyanide is 
formed when 1 cc. of 0.001 m ferricyanide is added to 10 mg. of denatured egg albumin 
(Anson, 1939a, b). The evidence that ferricyanide is oxidizing only SH groups and 
all the SH groups is that cysteine is the only amino acid known to reduce ferricyanide 
under the conditions used, that heat denatured egg albumin treated with iodoaceta- 
mide in the absence of denaturing agents no longer reduces ferricyanide in Duponol 
PC solution, that the amount of ferricyanide reduced by albumin denatured by Du- 
ponol PC is within wide limits independent of the concentration of ferricyanide, and 
the pH, time, and temperature of the reaction (Anson, 1939a, b), that the amount of 
ferricyanide reduced is the same whether the reaction is carried out in solution of 
Duponol PC, urea, or guanidine hydrochloride (Anson, 1940, 1941), and that the 
number of SH groups detected is the same whether one measures the amount of 
ferricyanide reduced or the amoimt of ferricyanide, tetiathionate, or ;^-chloromercuri- 
benzoate needed to abolish the SH groups, as shown by the abolition of the nitroprus- 
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side test (Anson, 1940, 1941) or the number of SH groups of neutral native egg al« 
bumin titrated by ioc^e in 1 m K1 at O^C. (Anson, unpublished experiments).’ 

Before reagents such as guanidine hydrochloride and alkyl sulfate were introduc^, 
attempts were made to estimate the SH groups of heat coagulated egg albumin which 
led to SH values that are now known to be about half the correct value. Hopkins 
(1925) first showed that oxidized glutathione can oxidize some, at least, of the SH 
groups of denatured egg albumin. When cystine (Mirsky and Anson, 1935) and 
porphyrindin (Kuhn and Desnuelle, 1938) were added to 10 mg. of coagulated egg 
albumin, the amount of oxidizing agent reduced was equivalent to only 1 cc. of 
0.0005 M cysteine. 

The first studies of the reactions between ferricyanide and coagulated SH proteins 
showed that ferricyanide can oxidize tyrosine and tryptophane groups as well as SH 
groups and that the amount of ferricyanide reduced is greater the hi^er the concen- 
tration of ferricyanide (Mirsky and Anson, 1936). Later experiments showed that if 
the concentration of ferricyanide is not too high, ferricyanide reacts only with the SH 
groups of denatured egg albumin and not with tyrosine, tryptophane, or disulfide 
groups (Anson, 19395), and that the amount of ferricyanide reduced by SH groups 
alone depends on the concentration of ferricyanide and on the physical state of the 
protein, the more the protein is aggregated, the less ferricyanide being reduced (An- 
son, 1939a).’ Reference was made to earlier viscosity measurements which showed 

’ There is no significant change in the sedimentation rate of the albumin as a result 
of the iodine reaction. Thus the oxidation of the SH groups of native egg albumin 
by an equivalent amount of iodine does not involve polymerization of the protein. 
The SH groups of egg albumin can be abolished by reaction of the neutral native 
protein not only with iodine but also with dilute permanganate or with hydrogen 
peroxide in thousands of times greater concentration than is needed for the oxidation 
of the SH groups of denatured egg albumin. 

’ When a substance reacts with a protein which is precipitated instead of in solution, 
the substance has farther to diffuse before it meets a protein particle, it has to pene- 
trate the precipitate, and it reacts with groups whose properties must be changed 
to some extent by the bonding between molecules in the precipitate. Since a signifi- 
cant fraction of all cellular proteins is not in solution, it would be desirable that the 
reactions of proteins in the solid state be systematically studied. Some years ago, 
as a result of some failures in trying to dry crystalline carb^^OTcptidase without 
inactivation, I began a study of the denaturation of protein in the soUd state. When 
protein crystals were made insoluble by denaturation procedures the superficial 
crystalline form was retained (Anson, 1938). The temperature coefficient of dena- 
turation of protein in the solid state was roughly the same as that of denaturation in 
solution (unpublished experiments). If a solid particle had denatured as a whole, 
the way a single protein molecule in solution denatures as a whole, the temperature 
of denaturation would have been almost as sharp as a melting point. When the SH 
groups of proteins denatured in the solid state were studied by the techniques then 
available, difficulties were encountered which led to a further study of SH groups. 
The subject of the SH groups of protein denatured in the solid state has not since 
been reinvestigated. 
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that denatured egg ftlhnmin can be aggregated even in apparently clear solution and 
that this aggregation is sensitive to salt (Anson and Mirsky, 1932). Because of the 
aggregation effect the practical estimation of the SH groups was carried out in the 
presence of Duponol PC, which acts as a solvent as well as a denaturant. Further* 
more, the experiments on the reaction of ferricyanide with the SH groups of denatured 
egg albumin in the absence of denaturing agents were carried out not with a preapitate 
but with a solution of denatured egg albumin which reacted much more readily with 
ferricyanide than the suspensions of coagulated egg albumin previously used. De- 
naturation was brought about in add solution and then the denatured protein was 
cooled and brought into neutral solution. The SH groups of 10 mg. of such a pr^ 
aration of denatured egg albumin in solution were oxidized 64 per cent by 1 cc. of 
0.001 M ferricyanide and oxidized 94 per cent if the ferricyanide concentration was 
increased 25 times (Anson, 19396). For the present experiments on heat denatured 
egg albumin in the absence of denaturing agents, denatured egg albumin was prepared 
in essentially the same way as previously but even more care was taken to avoid 
predpitation. 

The effect of urea on the SH groups of denatured egg albumin can be shown 
with the uric acid reagent in neutral solution or with ferricyanide in acid 
solution. The uric acid reagent oxidizes the SH groups of denatured egg 
albumin in neutral urea solution (Table II, Experiment 1) but not in alkyl 
sulfate solution (Experiment 2) or in the absence of denaturing agents (Ex- 
periment 3). Guanidine hydrochloride gives a precipitate with the uric acid 
reagent. 

Ferricyanide, a stronger oxidizing agent than the uric acid reagent, oxidizes 
the SH groups of neutral denatured egg albumin even in alkyl sulfate solu- 
tion^ (Table II, Experiment 4) or in the absence of denaturing agents (Experi- 
ments 5 and 6). In alkyl sulfate solution at pH 4.9, however, ferricyanide 
oxidizes the SH groups of denatured egg albumin only 21 per cent (Experi- 
ment 7). The per cent oxidation is increased from 21 to 86 if urea is present 
instead of alkyl sulfate at pH 4.9 (Experiment 8). In the absence of de- 
naturing agents denatured egg albumin is insoluble at pH 4.9. At pH 3.9 
oxidation by ferricyanide is more complete in guanidine hydrochloride than 
in urea solution (Experiments 9 and 10). 

The blue color formed when the SH groups of a denatured protein are 
oxidized by the uric acid reagent in neutral urea solution is a convenient 
measure of the SH content of the protein. The number of SH groups of com- 
pletely denatured egg albumin, edestin, and tobacco mosaic virus oxidized 

* The SH groups of denatured tobacco mosaic virus in alkyl sulfate solution are not 
oxidized even by ferricyanide. Recently Dr. Seymour Cohen has found by measure- 
ments of sedimentation rates that tobacco mosaic virus in sodium dodecyl sulfate 
solution is dissociated into molecules about the size of egg albumin. The failure of 
ferricyanide to oxidize the virus SH groups in sodium dodecyl solution is therefore 
not due to aggregation. 
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in neutral urea solution by the uric acid reagent is the same as the number 
of SH groups detected by ferricyanide titration in guanidine hydrochloride 
solution by the procedure described elsewhere (Anson^ 1941; Anson and Stan- 
ley, 1941). Egg albumin and edestin are rapidly denatured in neutral urea 


TABLE n 

of DmaktHng AgwUs on the OMoHon of the SH Groups of 10 Mg. (tf Donaturei Egg 

Albumin 








Compoaition of aohition 


Experiment 

Denaturant 

pH 

Oxidant 

Oxi- 
dation 
in 10 
minutes 

Amount 
of denatur- 
ant 

Buffer mixture 

Amount of buffer 

Final volume 

Amount of 
oxidant 





Ptf unt 


ratio of IM salts 

ce. 

cc. 


1 

Urea 

6.6 

Uric acid 
reagent 

100 

5.9 gm. 

1 NaiHPOi 

3 NaHaPOi 

1 

10 

0.5 cc. 

2 

Sodium 

dodecyl 

sulfate 

6.7 

u it 

0 

10 mg. 

1 NaiHPOi 

1 NaHsPOi 

1 

6 

0.5 cc. 

3 

Heat 

6.7 

a it 

Trace 

0 

INaiHPOi 

1 NaHjPO* 

0.1 

6 

0.5 cc. 

4 

NaDS 

6.7 

Ferricya- 

nide 

100 

10 mg. 

INaOIPOi 

1 NaHsPOi 

1 

10 

50 X 10“* mu 

5 

Heat 

6.7 

a u 

94 

0 

1 NarfIP04 
INaHrPOi 

0.1 

10 

10“*mi£ 

6 

Heat 

6.7 

« a 

100 

0 

1 Na,HP04 

1 NaH,P04 

0.1 

10 

50 X 10“* mic 

7 

NaDS 

4.9 

a it 

21 

10 mg. 

IHAc 

2.5NaAc 

0.5 

1.6 

50 X 10"»mM 

8 

Urea 

4.9 

it ti 

86 

1.5 gm. 

4HAc 

INaAc 

0.5 

2.5 

50 X 10-»mM 

9 

Urea 

3.9 

it it 

52 

1.5 gm. 

(2 N HAc) 

0.5 

2.5 

50 X 10”* mM 

10 

Guanidine 

HQ 

3.9 

a it 

82 

1.5 gm. 

4HAc 

1 NaAc 

0.5 

2.5 

50 X 10^* mM 


solution in the presence of the uric acid reagent. Tobacco mosaic virus, 
however, is not rapidly denatured by neutral urea and the native virus does 
not reduce the uric acid reagent in urea solution. The virus, therefore, is 
denatured in acid urea solution before the estimation of the SH by the uric 
acid reagent in neutral solution. 

Greenstein (1938, 1939) titrating with porphyrindin, a much stronger oxidizing 
agent than the uric acid reagent, found that fewer SH groups of egg albumin, edestin, 
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and globin were made titratable by urea than by guanidine hydrochloride. In the 
light of the present experiments it is unlikely that, as Greenstein supposed, uxea failed 
to *Tibeiate” all the SH groups of his proteins. Denatured SH proteins give a mudi 
weaker pink color with nitroprusside in urea than in gu ani di n e hydrochloride solu- 
tion (Anson, 1941). It is therefore possible that a negative nitroprusside test is not a 
suitable end-point for the poiphyrindin titration in urea solution. 

Urea makes the pH of bufifers more alkaline. This effect is especially 
marked with acetate buffers. When a comparison is made between an oxi- 
dation in the presence and absence of urea, therefore, a more acid buffer is 
used in the presence than in the absence of urea so that the pH, as measured 
by the glass electrode, is the same in both cases (Table II, Experiments 7 
and 8). 

When urea or guanidine hydrochloride is used a considerable part of the 
total volume of solution is occupied by the denaturing agent. Thus for a 
given total volume of solution the concentration of reactants per gram of 
water is greater in the presence than in the absence of urea and guanidine 
hydrochloride. An increase in concentration of reactants per gram of water, 
however, favors oxidation, as has been pointed out. Thus when a com- 
parison is made of a particular oxidation in the presence and absence of urea 
and guanidine hydrochloride, the reaction is carried out at constant concen- 
trations of reactants per gram of water not per cubic centimeter of solution. 
The exact amount of water in a saturated urea solution which is available 
for a protein reaction is not known. 

The uric acid reagent not only does not oxidize the SH of denatured egg al- 
bumin in neutral alkyl sulfate solution itself but interferes with the oxidation 
by ferricyanide in alkyl sulfate solution. Tungstate does not interfere with 
the ferricyanide oxidation. Both the uric acid reagent and tungstic acid, 
however, slow up the reaction between ferrocyanide and ferric sulfate to form 
Prussian blue. No study was ifiade of the mechanisms of these inhibitions. 

Alkyl sulfates inhibit the oxidation of the SH groups of denatured egg 
albumin in urea solution by the uric acid reagent. This inhibition is greater 
the higher the concentration of alkyl sulfate, and it is greater with Duponol 
PC, a mixture of long chain alkyl sulfates, than with pure sodium dodecyl 
sulfate. Thus detergents may act as inhibitors as well as solvents. 

Hydrolysis , — ^The effect of hydrolysis in activating the SH groups of de- 
natured egg albumin can be demonstrated with either the uric acid reagent 
or with ferricyanide. Denatured egg albumin is not oxidized by the uric 
acid reagent in neutral solution in the presence or in the absence of alkyl 
sulfate (Table II, Experiments 2 and 3). In contrast, all the SH groups of 
a peptic hydrolysate of egg albumin are oxidized by the uric acid reagent in 
neutral solution either in the presence or in the absence of alkyl sulfate (Table 
III). 
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At pH 4.8 in a solution of sodium dodecyl sulfate, 1 cc. even of 0.05 u 
ferriqranide oxidizes 10 mg. of egg albumin only 15 per cent. Under the 
same conditions the hydrolysate is oxidized 83 per cent (Table III). 

78 per cent of the SH in a peptic digest of egg albumin is precipitated by 
the uric acid reagent, which is a phospho-18-tungstic acid (Wu, 1920), or by 
saturated ammonium sulfate. The SH which is precipitated is either a part 
of peptides precipitable by phospho-18-tungstic acid (a more satisfactory pre- 
cipitant for peptides than tungstic acid) or it is adsorbed to the precipitate 
which is formed. Free cysteine and cysteine added to a peptic digest of egg 
albumin are not precipitated by phospho-18-tungstic acid. The 22 per cent 
of the SH of a peptic digest of egg albumin which is not precipitated by phos- 


TABLE m 

Oxidation of SH Groups of 10 Mg, Egg Albumin Digested by Pepsin 
10 minutes oxidation in 10 cc. of 0.1 m phosphate or acetate solution 


Oxidant 

Amount of oxidant 

pH 

Sodium dode^l 
sulfate 

Oxidation 

Uric acid reagent 

0.5 CC. 



pet cent 

100 

Uric add reagent 

O.S cc. 



99 

Ferricyanide 

10^» mM 



99 

Ferricyanide 

10“* mM 



100 

Ferricyanide 

50 X 10”* mM 
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pho-18-tungstic acid is either free cysteine or SH peptides which are not 
precipitated by phospho-18-tungstic acid. 

Pure SH peptides such as would be desirable for studies of the relation 
of peptide structure to the properties of the peptides’ SH groups have as 
yet not been isolated from enzymatic digests of proteins. The ease with 
which SH or its oxidation product, S — S, is estimated should facilitate the 
isolation of such peptides. 

If hydrolyzed egg albumin is allowed to stand in neutr>J sol'.Jtion, the SH 
groups are oxidized to S — S by the oxygen of the air. As will be described 
in a later paper, the total S — S present can then be readily estimated by 
sulfite plus the uric acid reagent. 

EXPERIliENTAL PROCEDURES 

Reagents . — Cysteine hydrochloride — Hofimann-La Roche. Dissolved in 0.1 n 
HCl, stored at 0®C., and used promptly. 

Urea — Merck’s reagent. The SH groups of denatured egg albumin were stable 
for one-half hour in the presence of the particular sample of urea used. Other sam- 
ples contained more catalytic impurities. 
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Guanidine hydrochloride — ^piepared from purified guanidine carbonate according 
to Anson (1941). 

Duponol PC — du Pont. Stored as a 10 per cent solution. 

Sodium dodecyl sulfate — ^prepared especially by du Pont through the kind offices 
of Dr. Samuel Lenher. Not available commercially. 

Ferricyanide — ^purified according to Anson (1941). 

Uric acid reagent— prepared according to Folin (1934). 

Ferric sulfate with gum ghatti — ^prepared according to Folin and Malmros (1929). 

Egg Albumin , — ^Recrystallized by ammonium sulfate or sodium sulfate to constant 
SH content, dialyzed, and stored frozen. Once crystallized egg albumin always has a 
low SH content and sometimes the SH content is not raised to the usual value of 1.2 
per cent cysteine even by repeated recrystallizations. When two procedures for the 
estimation of SH are being compared, the same sample of egg albumin should be used 
for both procedures. 

Egg albumin denatured by heating in acid is prepared as follows. To 6 cc. of 2 
per cent egg albumin add 1 cc. of 1 n HCl, place in 50°C. bath for 5 minutes, cool in 
ice water, add slight excess of 1 n NaOH so that the solution is blue to th 3 anophtha- 
lein (about 0.1 cc. 0.1 n NaOH excess per 10 mg. albumin), add water to 12 cc., cool 
and store in ice water, and use promptly. Egg albumin denatured by trichloracetic 
acid and washed by decantation before solution with NaOH gives the same results as 
egg albumin denatured at 50^C. 

To prepare digested egg albumin a pH 2,0 solution containing 10 mg. of egg albu- 
min and 1 mg. of crystalline pef)sin per cc. of 0.045 n HCl is kept at 65®C. for 1 hour. 
The vessel is evacuated and filled with 99.8 per cent nitrogen several times before 
digestion is begun. If digestion is carried out in air, there is a small loss in SH.® 
The hydrolysate gives no precipitate with hot 0.2 n trichloracetic acid. Pepsin it- 
self self -digested at pH 2.0 and 65^C. does not give a nitroprusside test in guanidine 
hydrochloride solution. 

The quantities of reagents used, the volume of solution in which the reaction is 
carried out, the time of reaction, and the percentage oxidation are given in the tables. 
The pH was measured by the glass electrode. 

The reactions with the uric acid reagent are all carried out at 25®C. After the 
designated time of reaction the solution is diluted to 10 cc., if it already is not 10 cc., 
and the blue color formed by the reduction of the uric acid reagent is read either 
against a standard blue solution formed by the oxidation of 1 cc. of 0.001 m cysteine 
or against a blue glass calibrated with a standard blue solution. When the blue 
solution contains urea it is necessary in order to have an optically homogeneous solu- 
tion either to use a dry colorimeter cup or, if the cup contains residual water, to rinse 
the cup with a urea solution containing 1 gm. of urea per cc. water. 


® When egg albumin was hydrolyzed completely by hot, concentrated sulfuric acid 
in air, only 1 cc. of 0.005 m cysteine was found in the hydrolysate of 10 mg. of egg 
albumiq (Mirsky and Anson, 1935). Half the SH was presumably lost by oxidation 
and by adsorption to humin. During the partial hydrolysis by pepsin under the 
conditions described there is no oxidation of SH or formation of humin. 
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When SH is oxidized by the unc acid reagent, the solutions are prepared and mixed 
as follows. Into one test tube there are pipetted the uric acid reagent, the 1 cc. of 1 
M buffer (except with heat denatured albumin, when 1 cc. of 0.1 m buffer is used), a 
volume of 0.5 n NaOH equal to the volume of uric acid reagent (this NaOI) being 
added to neutralize the add reagent), copper sulfate or alkyl sulfate, when they are 
used, and water to make up a volume 1 cc. less than the final volume desired. 1 cc. 
of SH solution is pipetted into another test tube. The uric acid reagent solution is 
poured into the SH solution and the mixed solution poured back and forth. This 
manner of mixing minimizes formation of turbid solutions and the introduction of 
catalytic impurities. 

When urea is used, it is first placed into a dry test tube to which the uric acid 
reagent, etc., are then added. The test tube is placed in a 37°C. bath to dissolve the 
urea and then the solution is brought to 25®C. before being mixed with the SH solu- 
tion. After the mixing, the mixed solution is centrifuged to hasten the removal of 
air bubbles. 

When both Duponol PC and 5.9 gm. urea are present in 10 cc. solution, some of the 
Duponol PC comes out of solution in time. Before the colorimetric reading is made, 
therefore, the solution is warmed to dissolve the Duponol. 

When cyanide is added to inhibit oxidation by the uric acid reagent, it is added to 
the SH solution just before the mixing with the uric acid reagent. 

The ferricyanide reactions are all carried out at 37®C. and, except Experiments 
7-10 of Table II, are carried out as follows. The reagents and water are mixed in a 
test tube, the SH solution being added next to last, and the ferricyanide last. 1 cc. 
of 1 M buffer is used, except with heat denatured egg albumin when 1 cc. of 0.1 M 
buffer is used. In the experiments with heat denatured egg albumin, furthermore, the 
ferricyanide is added promptly after the protein. If the heat denatured protein is 
allowed to stand in the neutral buffer solution, its SH groups become less completely 
oxidized by dilute ferricyanide. Ferricyanide is added last so that the alkaline heat 
denatured albumin does not come in contact with the ferricyanide before the protein 
is neutralized. After the ferricyanide reaction has taken place in 10 cc. for the desig- 
nated time at 37°C., there are added 0.5 cc. of 2 n H2SO4, 0.5 cc. of 10 per cent Du- 
ponol PC, 0.5 cc. of 0.1 M ferricyanide or 0.5 cc. of water if the solution already con- 
tains concentrated ferricyanide, and 0.5 cc. of ferric sulfate. As previously pointed 
out (Anson, 19396), the Duponol is added to prevent turbidity and the extra ferricy- 
anide to promote the formation of Prussian blue. After 20 minuses the Prussian blue 
formed is read in red light against either a Prussian blue solution developed from 1 cc. 
of 0.001 M ferrocyanide or against a blue glass calibrated with a Prussian blue stand- 
ard. 

Experiments 7-10 of Table II are carried out as follows. To a mixture of 0.5 cc. 
SH solution, 0.5 cc. 1 m buffer, and 0.5 cc. ferricyanide there is added either 0.1 cc. of 
10 per cent sodium dodecyl sulfate, 1.5 gm, of urea, or 1.5 gm. of guanidine hydro- 
chloride. The ferrocyanide formed in the alkyl sulfate and urea solutions is esti- 
mated as Prussian blue as already described, the solution being diluted to 10 cc. be- 
fore the addition of ferric sulfate, etc. Guanidine hydrochloride, however, interferes 
with the complete conversion of ferrocyanide into Prussian blue. So in the experi- 
ment with guanidine hydrochloride one measures not the ferrocyanide formed but 
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the number of SH groups surviving. The protein is precipitated and washed witt 

0.2 M trichloracetic acid and the protein’s SH groups estimated with fcrricyanide in 
neutral Duponol PC solution. 

The experiment on the effect of copper sulfate on the oxidation of cysteine by 
ferricyanide is carried out as follows. To 1 cc. of 0.001 m cysteine there are added 
0.3 cc. of a 1 M buffer containing equal parts acetic acid and sodium acetate, and O.S 
cc. of 0.002 M ferricyanide. The brown color of ferricyanide does not disappear. S 
drops of 0.002 m copper sulfate are added. The brown color disappears immediately 
and is replaced by the weak red of copper ferrocyanide. 

The experiment which shows that 78 per cent of the SH of a peptic digest of egg 
albumin is precipitated by 0.05 m phospho-18-tungstic acid in 1 n H2SO4 is carried 
out as follows. To 2 cc. digest there are added 0.8 cc. uric acid reagent, 5 cc. 2 N 
HfSOi, and water to 10 cc. The precipitate is centrifuged off and its SH content 
estimated with the uric add reagent in neutral urea solution. The SH content of the 
predpitate is the same whether 1 cc. of 0.001 m cysteine is added to the digest or not. 

SUMMARY 

1. Cyanide inhibits the oxidation of the SH groups of cysteine and de- 
natured egg albumin by the uric acid reagent. 

2. At pH 4.8 cysteine is oxidized by the uric acid reagent and by ferricyanide 
in the presence but not in the absence of added copper sulfate. 

3. In neutral solution, the uric acid reagent oxidizes the SH groups of de- 
natured egg albumin in the presence of urea but not in the presence of alkyl 
sulfate or in the absence of denaturing agents. 

4. Ferricyanide oxidizes the SH groups of neutral denatured egg albumin 
even in the presence of alkyl sulfate or, if precautions are taken to avoid 
aggregation, in the absence of denaturing agents. 

5. In acid solution, ferricyanide does not oxidize the SH groups of denatured 
egg albumin completely. The oxidation is more complete, however, in the 
presence of urea than in the presence of alkyl sulfate, and more complete in 
the presence of guanidine hydrochloride than in the presence of urea. 

6. The uric acid reagent which does not oxidize the SH groups of neutral 
denatured but unhydrolyzed egg albumin in the absence of denaturing agents 
does, under the same conditions, oxidize the SH groups of egg albumin par- 
tially hydrolyzed by pepsin. 

7. At pH 4.8 in alkyl sulfate solution ferricyanide oxidizes the SH groups 
of digested egg albumin more completely than the SH groups of denatured 
but undigested egg albumin. 
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THEORY AND MEASUREMENT OF VISUAL MECHANISMS 
VIII. The Form of the Flicker Contour 

By W. J. CROZIER and ERNST WOLF 
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(Received for publication, July 14, 1941) 

1 

The question of the basic analytical form of the flicker recognition curve is 
of interest in several wa 3 rs. An acceptable theory of the flicker contour should 
provide indices of the invariant properties of flicker recognition under different 
conditions, such as are necessary for the understanding of this kind of visual 
excitation and for relating its data to other visual measurements. It is also 
required for the interpretation of the duplex flicker contour as typically found 
with vertebrates, where two groups of neural effects usually are complexly over- 
lapped in the determination of flicker. The demonstration of the occurrence 
of the same fundamental form for the flicker curves in each of these two groups 
independently, in man, is dealt with in the present paper. This substantiates 
rather directly the procedure already used for the separation of the two groups 
of effects in duplex flicker contours, and is important for the analysis of their 
integrative interaction. 

An acceptable equation for the flicker contour must first of all describe in a 
satisfactory quantitative way the interdependence of flash frequency F and 
flash intensity I critical for the response under a given set of conditions, and 
with reference to known measures and properties of the variances of the data. 
A given set of conditions involves effective constancy of wavelength composi- 
tion of light; the form of the light-dark alternation; the light-time fraction in 
the flash cycle; the temperature of the organism; and certain other variables, 
such as the position of the light on the retina, the constancy \)f the pupil open- 
ing, and the degree of homogeneity in the state of the tested individuals during 
the observations. The acceptable formulation must also, however, and as a 
necessary condition, exhibit under different circiunstances properties of its 
parameters such as are called for by the notion the equation of the descriptive 
curve is intended to express. In the present case this involves properties of 
the variation of the measurements as well. In general, testing the properties of 
parameters is of course much more significant than the indications from simple 
criteria of curve-fitting. This is especially so for a multivariate situation^ in 
which the exact relationship between any two significant variables depends 
upon the magnitudes of a number of others. 
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The visual performance contours of most vertebrates characteristically 
exhibit the well known duplex form of the curves describing dark adaptation, 
intensity discrimination, Sicker recognition, visual acuity, and the like, as 
functions of intensity and of time. For the analysis of duplex Sicker contours 
it has been found necessary to extrapolate the high intensity segment toward 
F = 0, and to obtain the low intensity contribution by subtraction from the 
observed course of the data.^ This procedure depends upon a valid theory of 
the fundamental nature and form of the flicker contour as it might be observed 
if there were no overlapping of the two populations of neural effects. It also 
relies upon the tested interpretation of the resulting properties of the summation 
(or rather integration) of the two sets of effects in the region where overlapping 
occurs. 

There are two immediate points, namely: (1) the form of the “cone'' curve 
in isolation and (2) the fundamental form of the “rod*' curve when not com- 
plicated by the overlapping photopic function. The problem is in some re- 
spects more interesting when the degree of overlapping of photopic and scotopic 
effects is typically more complete, as with man,^ than with certain Ashes* for 
which the separation of the two groups of effects is comparatively extreme. 
The further question as to the mechanism evident in the overlapping of these 
two groups of effects depends for its resolution upon the satisfactory analysis 
of these two points. This analysis requires the systematic experimental 
manipulation of the conditions of visual excitation in such ways as will expose, 
without overlapping, the forms of the primary “cone” and “rod” curves. 
The problem of the integration of effects when overlapping does occur is dealt 
with elsewhere. Throughout we shall for brevity use the labels “rod”- and 
“cone”-effects respectively for the low intensity and the high intensity seg- 
ments of the duplex contours. It is not to be presumed that the two segments 
are taken to describe the intrinsic properties of the retinal rods on the one hand 
and of retinal cones on the other. We are simply concerned with the fact that 
two groups of neural effects are involved in the recognition of flicker, and that 
these two groups have in certain respects demonstrably different properties 
although integrative relations can occur between them. 

II 

It has been urged** * that the basic form of the uncomplicated flicker contour 
is given by a probability band in which F zb is a normal probability integral 

1/. Gen. Physiol, 1936-37, 20, 411; 1937-38, 21, 17, 203, 315; 1938-39, 22, 463; 
1939-40, 23, 229, 667, 677; 1940-41, 24, 505, 635; 1941-42, 26, 293. 

* J. Gen. Physiol, 1937-38, 21, 203; 1940-41, 24, 505, 635, etc. 

V. Gen. Physiol, 1937-38, 21, 17, 313; 1938-39, 22, 463. 

* Proc. Nai, Acad. Sc., 1937, 23, 71, 516; 1938, 24, 125, 216. 

^Proc. Nat. Acad. Sc., 1936, 22, 412; 1938, 24, 130; /. Gen. Physiol, 1935-36, 
19, 503; 1937-38, 21, 17; 1939-40, 23, 101. 
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in log (/ zt (T/). Ordinarily, F is fixed at various levels and critical intensity I 
is repeatedly measured; its mean value Im is computed; F is then exhibited as a 
probability integral in log /m. With repeated &shes, 1// (where / is the flash 
exposure = \/F) is a measure of the capacity to distinguish separateness of 
flashes. But flicker recognition is also governed by the flash intensity /, and 
during a finite interval the excitation should be the integral of a frequency dis- 
tribution of —/ • d (1//), and thus of d log I? This integral is then equatable 
to 1//. The argument for the expected Gaussian form of this ii\tegral is the 
same as with other modes of excitation.* Animals possessing but one general 
kind of retinal receptor cell (cones) — as the turtle Pseudemys,’^ the lizard 
Phrynosoma,^ the zebra finch Taeniopygia^ — give simplex F — log / contours 
under various conditions of temperature, light-time fraction, retinal area, and 
wave-length of light, which are well described by the probability summation. 
It also applies for an animal possessing only retinal rods,^° and for inverte- 
brates having uncomplicated simplex performance contours.^^ With ar- 
thropods the complication usually due to the gross curvature of the optic 
surfaces^® has been satisfactorily accounted for. 

The three parameters of the probability summation — Fmo*.; abscissa of in- 
flection t' ; standard deviation cr'iog / of dF /d log I — while specific for the kind of 
animal are found to exhibit consistent, non-specific, kinds of relations to tem- 
perature, number of retinal units involved, light-time fraction, and wave-length 
of light. In forms with which adequate cross-breeding experiments can be 
made these parameters are also found to demonstrate their character as natural 
invariants.^* 

It will be shown here that when the F — log / contour (man) is determined 
entirely within the normal fovea, where by the usual tests cones alone are 
presumed to occur, it is of simplex form adhering well to the probability summa- 
tion over the whole testable range. It is also shown that by novel extensions 
and developments of the procedure for flicker observations the rising, low- 
intensity, ‘‘rod” portion of the typical duplex curve can be observed free from 
“cone” complication, and that this curve then also follows the probability 
integral form, as already shown for the “rod” contribution's it has been dis- 
sected out by subtraction of the extrapolated “cone” curve. 

* Proc, Nat. Acad. Sc., 1937, 23, 71 ; 1940, 26, 54, 334, 382. 

7 J. Gen. Physiol., 1938-39, 22, 311; 1939-40, 23, 531. 

« J. Gen. Physiol., 1940-41, 24, 317. 

» J. Gen. Physiol., 1940-41, 24, 625; 1941-42, 26, 293. 

Gen. Physiol., 1938-39, 22, 555. 

“ /. Gen. Physiol., 1938-39, 22, 451. 

12/. Gen. Physiol., 1937-38, 21, 223, 463; 1938-39, 22, 451, 795; 1939-40, 23, 1; 
Biol. Bull., 1939, 77, 126. 

w/. Gen. Physiol., 1937-38, 21, 17; Proc. Nat. Acad. Sc., 1937, 23, 516; 1938, 
24, 221; J. Gen. Physiol, 1938-39, 22, 463; Proc. Nat. Acad. Sc., 1939, 26, 171, 176; 
/. Gen. Physiol, 1939-40, 23, 143. 
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The data given graphically in sections III and IV are drawn from series of 
measurements concerned with the questions of image area, location, wave- 
length, light-time fraction, and number of illuminated patches as concerned 
with flicker. These data will be given in full when discussing these questions 
systematically in subsequent papers. The apparatus and technique have been 
described already 


III 

Measurements of several types of intensity discrimination have made it 
clear that with test areas falling entirely within the fovea the performance con- 
tours are simplex.^® These curves are in general accurately described by 
appropriate forms of the probability summation.® The common assumption 
has been that such contours are simplex because only retinal cones are then 
involved. The F — log 7 contour in the fovea has been determined on several 
occasions (white light),'® but somewhat more elaborate tests are required for 
the purpose here in view. 

Fig. 1 contains measurements from series with one practised observer (W. 
J. C.), for monocular regard (left eye) under the conditions of instrumentation 
and procedure described in some preceding papers.'^ We have used an area 
as large as conveniently possible (a square 0.6® on a side), centered at the fovea 
by means of an appropriately located very small, red, fixation dot of suitable 
intensity just above the upper side of the square. In general, less scattered 
determinations are obtained with colored lights, and for these the scatter of 
O’/ is less'’' although the average value of oi/Im is very nearly invariant, mean 

being of the order of 0.4 per cent throughout; each of the plotted points is 
the mean of ten measurements. The curves drawn are probability integrals 
(Fig. 2). 

When the F — log 7 contour is determined at several light-time fractions, 
with conditions otherwise the same, a better test is obtained than by mere 
replication. This is because the properties of the parameters can then be 
examined. On the basis of these properties as seen in the analysis of the in- 
tegrals adjusted to data of this observer from other and larger image areas 
giving duplex contours ,^* we expect in Fig. 1 to find (r'log/ greater, r' lower, 

'V. Gen. Physiol, 1938-39, 22, 341; 1940-41, 24, 505, 635. 

Gen. Physiol, 1937-38, 21, 203; 1939-40, 23, 531; 1941-42, 26, in press. 

'® Cf. Hecht, S., and Verrijp, C. D., /. Gen. Physiol, 1933-34, 17, 251; Hecht, S., 
and Shlaer, S., J. Gen. Physiol, 1935-36, 19, 965; He^t, S., and Smith, E. L., /. 
Gen. Physiol, 1935-36, 19, 979; Shlaer, S., J. Gen. Physiol, 1937-38, 21, 165; Stein- 
hardt, J., J. Gen. Physiol, 1936-37, 20, 185; and Crozier, W. J., Proc. Nat. Acad. Sc., 
1940, 26, 334, 382. 

7. Gen. Physiol, 1941-42, 26, 89, 293. 

Report in preparation. 




Fig. 1. Flicker response contours for square image 0.60® on a side, within the fovea. 
To the left, curves for blue (Wratten Filter No. 47), /l » 0.10 and tt - 0.90. To 
the right, curves for white light with - 0.50 and II - 0.90. The points marked 
C on the B curves are the flash intensity levels at which color is just perceptible 
along the fusion contour. The curves drawn are probability integrals (see Fig. 2), 
computed to the maximum indicated at the tops of the curves. Each point is the 
mean of ten determinations. Flash intensities are in millilamberts, blue being 
matched with white below the color threshold. 



Fig. 2. The data of Fig. 1 displayed on a probability grid. 
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Stud Fmax. lower than with larger areas, both for the white (W) and for the blue 
(J5); (r'log/ should be greater and r' should be less for B than for FT, Fnut, 
greater for B than for W; and for each light-time fraction used j 
should be the same, for W and for 5. These relations are found. In addition, 
if the properties of the ‘‘cone” segment of duplex contours are of the same kind 
as those of the exclusively foveal simplex contours, the appearance of color at 
the fusion point should be, for example, at a rather high flash-intensity sep- 
arated by log 9 units on the = 0.10 and 0.90 graphs. This is seen in Fig. 1. 
There are other facts connected with the subjective experiences along these 
flicker contours, and likewise with the scatter of <ri /, which are consistent with 
the essential likeness of the properties of these simplex contours and those of 
the “cone” branches in the duplex cases. We may conclude that the simplex 
“cone” curve is adequately described over its whole extent by the probability 
integral. 


IV 

Two methods have been used to obtain directly the practically pure rising 
“rod” portion of the duplex flicker contour. In one, colored light is used to 
form a flickered image of suitable area at some distance from the fovea. In the 
other a flickered field containing several illuminated patches is employed. 
Qualitatively, the results are of the same kind. The theoretical consequences 
of the experiments with the second procedure are of considerable interest, but 
will not be enlarged upon here. One point should, however, be mentioned: 
under the conditions used it can be shown that the flicker contours due to the 
non-homogeneous but simultaneous excitation of suitably separated retinal 
areas are also simple probability integrals, both for the “rod” and for the 
“cone” segment, and that the rules already found® for their integrative over- 
lapping continue to apply. This is manifestly consistent with a central nervous 
control of the flicker end-point, and clearly with the theory of its statistical 
determination, rather than with the idea of its government by retinal photo- 
chemistry — since the several areas, taken singly, provide quite different con- 
tours. 

Fig. 3 gives an illustration of results with the first method, using blue light. 
By comparison with the contours obtained for images closer to the fovea, the 
form in Fig. 3 is at first sight peculiar. With smaller test areas in the retinal 
periphery the shape of the contour becomes still more distorted. In the 
absence of tests with intermediate areas and other retinal locations the extra- 
polation of the “cone” curves would scarcely be attempted here, but we do 
have these data. The parameters of the empirically fitted “cone” integrals 
have the expected interrelations. Their extensions approach F = 0 at just 
about the intensity where the “rod” curve reaches its maximum (Fig. 3). It 
is shown that the “rod” data, without subtractive correction for “cone” effects 



W. J. CROZIER AND ERNST WOLF 


375 


in this case, are here directly described by the probability integral (Fig. 3). 
The “rod” j is the same for *■ 0.10 and 0.75 does not perceptibly 

change, but even for the “cone” branch this change is quite ama.ll with colored 
lights; the shift in r' is ^ghtly greater than for the “cone” curves. As for 
the various cases* in which the “cone” curve more or less underlies the whole 
of the “rod” part, the declining “rod” curve is also given by a probability in- 
tegral. 



Fig. 3. Flicker response contours for a 3® square centered 12.5® on the temporal 
side of the fovea, with II =■ 0.10 and II = 0.75. Probability integrals are adjusted 
to the uppermost short segments, and the “rod” contributions are determined by 
difference. The inset figure shows that the rising “rod” branches, computed to 
Fm»x. *= 23.3, and the declining contributions obtained by ordinate differences, are 
well described by the probability integral. Flicker contours with structures inter- 
mediate between those of Fig. 1 and these of Fig. 3, as well as more extreme in- 
stances, arc provided by the use of other test areas and retinal iJcatioDs. 

The second procedure used to free the basic “rod” curve from “cone” in- 
volvements uses the striped cylinder technique^® and a subdivided test-field 
such as is shown in Fig. 4. With high values of the contours obtained are of 
the general form seen in Fig. 4. Despite the subdivision of the field the “cone” 
and “rod” segments are smooth, simple functions which shift systematically 
when ti is changed. The significance of these facts for the theory of visual in- 
tegration is developed elsewhere. For the present purpose it is sufficient to 
show that by this procedure the “cone” curve may be made so steep that the 
rising “rod” branci is almost completely exposed (c/. Fig. 4). The extrapola- 
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tion of the ‘‘cone” integrals (Figs. 4 and 5) requires almost no subtraction from 
the rising “rod” curves, for which the data adhere to the probability summation 
as shown in Fig. 6. 

The probability summation equation applies non-specifically to the relation 
between F and log I for a great variety of animal types, and for a number of 
systematically varied conditions. Its three parameters have been experi- 
mentally caused to change in such ways as to show that these three independent 



Fig. 4. Monocular flicker contours (left eye, white light) for two observers, em- 
ploying the method of moving stripes, tt, =» 0.90, and a divided field 14® square with 
the pattern shown in the inset. The “cone” probability integrals with the Indicated 
maxima are shown in Fig. 5. 

parameters are necessary and sufficient. Its derivation is based upon the 
conception that a large number of neural units are concerned in the flicker re- 
sponse, and that these units fluctuate both in momentary excitability (1// for 
response) and in their capacities to produce elements of neural effect for the 
determination of the result used as index of response. The analysis of dark 
adaptation^® and of intensity discrimination shows that at each instant during 
the course of progressive changes of excitability a population of neural effects 
forms a unitary statistical assemblage. This is basically confirmed by the 
properties of the variation of the critical intensity.^®* It is also strikingly 

1® Proc, Nat. Acad. Sc., 1940, 26, 334, 382. 

Gen. Physiol., 1937-38, 21, 17; 1939-40, 23, 101; 194(M1, 24, 505, 635; 
1941-42, 26, 89, 293. 
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con&med by the integrated action apparent in our experiments with sub- 
divided fields (Fig. S, etc.). The statistical basis for the integration of “rod” 
and “cone” effects along the flicker contour is likewise consistent with this 
view. As already indicated, the inhibition of some “rod” effects in the zone 
of overlapping on the duplex curves^ also follows the simple probability law 
in all cases examined. 



Since three parameters are required for description of the flicker contour, 
and since the shape constant ((t'io* /) can be changed by simply going to another 
part of the retina or by subdividing the image field, it caimot be held‘* that 
the photochemical theory of visual data accounts for the form of the curve even 
under fixed conditions of temperature, light-time fraction, retinal location, and . 
the like. When simplex performance contours are naturally available^’ “ or 
are experimentaUy uncovered, as in the present instances, their forms do not 
agree with the requirements of photochemical theory any more than do the 


« J. Gen. Pkysiol., 1940-41, 24 , 635; 1941-42, 26 , 89, 293, in press. 




378 


FOSM OP THE PUCKER CONTOUR 


properties of their parameters;^* * when duplex flicker contours must be dealt 
with| the transitions from ‘‘rod” to “cone” branches are not analyzed at all by 
the photochemical hypothesis. 

In many situations, perhaps in most, which have to be considered by ({uanti- 
tative biological theory it is obvious that many cellular and other structiural 
units are acting at the same time. It has long been recognized that these uiiits 



Fig. 6. The “rod” segments of the contours in Fig. 4, on a probability grid. The 
values of Ftnu. are indicated. 

are probably never quite identical, and that they spontaneously fluctuate in 
threshold excitability as well as in performing capacity. There is good reason 
to believe that the analysis of visual data can illustrate the operation of these 
factors, under especially favorable circumstances. A primary objective must 
be the separation of non-specific statistical properties of assemblages of units 
from those properties which can be used to further the interpretation of intrinsic 
cellular events, such as those involved for example, in sensory excitation.^ 
This procedure will often be confronted by complex interactions and compound- 
ing of the activities of different groups of acting units. Instances, like those 

Gen, Physiol,^ 1939-40, 23, 143; Proc, Nat. Acad. Sc.y 1937, 23, 71; 1939, 
26, 171,176; 1940, 26, 334. 
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discussed in this paper, in which the nature of such integrations can be exposed 
have therefore a particular interest for the theory of quantitative biology. 

VI 

SUMMARY 

Flicker response curves (man) obtained with images formed entirely within 
the fovea are like those secured with lower animals having only one general 
class of retinal receptors. They are normal probability integrals (F vs. log Im)y 
and the properties of their parameters agree with those for visually simplex 
animals and for the “cone” portions of contours exhibiting visual duplexity. 

B> several different procedures, involving experimental modifications of the 
“cone” Lurve, the “rod” part of the t)rpical human duplex curve can be ob- 
tained free from overlapping by the extrapolated “cone” curve. It then has 
the probability integral form which the lower segment does not directly exhibit 
when combined with “cone” effects. 

These results are discussed with reference to the statistical nature of the 
fundamental form of the flicker contour and to the interpretation of duplex 
curves produced by the neural integration of two independently modifiable 
groups of sensory effects. 




THE WAVELENGTH SENSITIVITY FUNCTION FOR 
THE ZEBRA FINCH 

By W. J. CROZIER and ERNST WOLF 
{From the Biological Lahoralories^ Harvard University, Cambridge) 

(Received for publication^ July 16, 1941) 

I 

Data on the spectral distribution of visual excitability in birds have been 
obtained by various procedures, but most frequently by methods deriving 
from interest in the problems of color vision. Thus spectral lights have been 
used in tests of intensive discrimination (Lashley, 1916) and of threshold 
excitability (Watson, 1914, 1915), through use of training procedures (Breed, 
1912; Bailey and Riley, 1931; Hamilton and Coleman, 1933; van Eck, 1939) 
and the pecking selection of colored objects (Hess, 1907, 1908; Elatz and Revesz, 
1909; Henning, 1920; Honigmann, 1921; cf. also Beimer, 1938) or of objects 
on a colored field (van Eck, 1939) in lights of different colors. For reasonably 
full measurement of visual excitabilities these methods are deficient. Dis* 
turbances of breathing rhythm (Rouse, 1905), the electrical responses of the 
eye to excitation by light (Piper, 1905; Kohlrausch and Brossa, 1914; Kohl- 
rausch, 1918; cf, especially Kemp and Graham, 1935, and Graham, Kemp, 
and Riggs, 1935), and the contraction of the iris (Hess, 1910; Laurens, 1923; 
Hecht and Pirenne, 1940-41) variously have been employed for objective 
determinations of the relations between wavelength and excitability, and to 
some extent the dependence of this upon intensity. These procedures all 
have had certain serious defects. 

The flicker contours for certain birds, as determined from the observed 
occurrence of nystagmus, are situated at comjmratively low levels of flash 
intensity (Crozier and Wolf, 1940-41 a). This makes it pos'^ible to examine 
the dependence of the flicker contour upon wavelength composition, although 
not with lights strictly monochromatic, by using flash cycles with small per- 
centage light- time {cf. Crozier and Wolf, 1940-41 b, etc.). The diurnal bird 
here employed, the Australian zebra finch Taeniopygia castanotis (Gould), 
histologically has but one general class of retinal photoreceptors, which are 
cones by the customary criteria. Under various conditioxis of excitation it 
is foimd to provide a flicker contour which is simplex, a normal probability 
integral {cf. Crozier and Wolf, 1940-41 a, 1941-42 etc.). The changes in 
this contour might thus be conceived to reflect properties of cone excitability, 
as expressed in behavior. 
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While the experiments provide no direct evidence regarding “color” vision, 
it will be pointed out that certain comparisons and deductions are possible 
on the basis of measurements by the same method with other organisms. 
The general advantage of the flicker method is that it permits use of the 
same technique with different kinds of animals, over a large range of inten- 
sities. The nature of the flicker contour is moreover now well enough under- 
stood (cf. Crozier and Wolf, 1941-42 a) to make interpretations possible in 
terms of the properties of its parameters, and thus to be based upon invariant 
indices of excitability such as are independent of the intensity level. Some 
of the considerations which enter have been referred to in a preceding paper 
(Crozier and Wolf, 1941-42 b). The question is strictly one of flicker excita- 
tion in relation to wavelength, since even in man the occurrence of subjec- 
tive color has no effect upon the form or properties of the flicker contour as 
such (Crozier and Wolf, 1941-42 b). 


n 

Zebra finches from the stock used in our experiments with white light 
(Crozier and Wolf, 1940-41 a) were tested in the manner already described. 
Four individual birds, males, were involved throughout. No differences 
of serious degree were found among them. Tests were made with violet, 
blue, green, yellow, and red filtered from the white. These changes in wave^ 
length composition were produced respectively by filters Corning 511, Wratten 
47, 58, Schott GG-11 and Wratten 70. These filters (excepting the yellow) 
we have also used for observations with man (Crozier and Wolf, 1941-42 d). 
Save for the red, practically complete contours were obtainable by working 
with a flash cycle having h = 0.10. A sufficient number of measurements 
were also made at ti = 0.50 to show that the same order and relative spacing 
of the contours is found as with ti = 0.10. 

The data are given in Table I. The variation indices (Fig. 1) follow ex- 
actly the rule (as to the mean values and the scatter of P.E.i//*) already 
found for = 0.10 and 0.50 with white light. The intensity units*are given 
in terms of miliilamberts for wbi/e light, the figures for the selected spectral 
regions being equated to the white by means of thermopile measurements 
(Mohl large surface vacuum thermopile and sensitive galvanometer used as 
a null instrument, with rock salt filter). The data for white light, ti * 0.10, 
are taken from another report; «r',<,g/is the same as for = 0.50 (Crozier 
and Wolf, 1940-41 a). 

In Figs. 2 and 3 it is apparent that there occur certain slight but definitely 
systematic departures from the curves drawn, essentially reproduced in the 
several contours. Analogous departures have been noted and accounted 
for in our data on the turtie Pseudemys (Crozier, Wolf, and Zerrahn-Wolf, 
1938-39). There it was shown that the small but real differences between 
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individuals did not wholly account for the deviations, but that they were 
correlated with the use of particular decimal filters for the control of intensity. 
The same correlation is apparent in the present measurements. The filters 
were calibrated with care, but defects in calibration as well as the fact that 
the filters are not exactly “neutral” seem to be responsible. It is not un- 
important that this kind of evidence as to the precision of the observational 
methods should be automatically given by the measuremen ts. 

TABLE I 

Daiafor the Flicker Response Contours with Violet, Blue, Green, Yellow, and Red Lights 
(Su Text), with the Zebra Finch; II ■■ 0.10 

The intensities are in terms of {white) miliilamberts, the scales for each colored light bdng 
adjusted to that for white by means of thermopile measurements (excluding infrared). Each 
mean critical flash intensity Im is the average of three measurements with each of four birds, 
the same individual birds being used throughout. The P.E.’s are for the dispersions of the 
four individual averages. 



Violet 

Blue 

Green 

Yellow 

Red 


1ok/w 

logP.E.ij 

log/«t 

log P.E.i^ 

iog/m 

logP.E.i^ 

lOg/M 

logP.E.i^ 

\0glm 

logP.E.,, 

per sec. 











5 

7.8343 

9.7160 

6.6417 



8.4302 

6.6673 


|1-6626 

S.0964 


6.6331 

8.7602 

6.2661 

7.6836 

6.7998 

8.7312 

6.3726 

7.4432 

3.2980 

5.5948 

15 


7,4948 

6.7771 

6.2523 

6.3146 


6.8946 

7.7881 



20 

6.6687 

6.0062 

4.2611 


6.8132 

7.9775 

4.3846 


2.3438 


25 


6.5857 


5.0593 

4.2207 

6.5647 

4.7333 

6.8631 


4.9868 

30 


6.7249 

4.9026 

5.4726 

4.6301 

6.7849 

3.1206 


2.9843 

3.3513 

35 

4.6330 

6.9969 

3.3760 

5.8359 

4.8991 

5.1514 

3.4914 

5.8077 

i.3668 

2.2134 



6.9916 

3.7146 

5.7474 

3.2481 

5 6967 

3.8609 

4.1449 

i.7068 

3.9162 

45 

3.6107 

5.9588 

2.1946 

4.6755 



2.2974 


0.2039 

2.3847 

48 









0.6818 

2.8191 


^1820 

4.6728 

2.8923 

3.2953 

2.6142 

4.9459 

2.9993 




52 

2.7040 

3.2242 

i.3437 

3.4907 



i.4261 

3.6182 



53 





i.2796 

3.7757 





54 

i.6884 

3.8476 

0.1394 

2.2112 



0.2342 

2.4293 



55 






2.7357 


— -Tl 




m 

The measurements of log for the filtered lights are exhibited as a function 
of F in Fig. 2. The curves irawn are normal probability integrals (Fig. 3). 
The slope constants (<r'iog/) for these curves are not certainly different, 
within limits of error. Even for man the corresponding differences are slight. 
They are all a little, but perhaps not significantly, different from that of the 
curve for white with = 0.50 as already published = O.SO, Crozier and 
Wolf, 1940-41 o); for the latter, and for the present <£ = 0.10 series with 
which its slope agrees, (/log/ is a little greater. 

In terms of the indications drawn from our studies of human (cone) visual 
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excitation, and of cone excitation in lower vertebrate, this means that the 
number of cone units involved, whether the stimulating li^t is V, B, G, Y, 
R, or W, is pretty much the same. These indications obt^ for sundry 
types of intensive discrimination (Crozier, 1940 o, b) in addition to flicker 



Fig. 1. Variation of critical intensity as a function of flash frequency and spectral 
region. The band has a slope of 1. Data in Table 1; see text. 

(cf. Crozier and Wolf, 1939-40, 1940-41 a, 1941-42 J, c, etc.). Only for the 
red (R) can we be reasonably sure that the asymptotic maximum F is actually 
a little different from that for the others (cf. Figs. 1 and 2). Thus from the 
standpoint of (1) numbers of units excitable and (2) the numbers of elements 
of effect obtainable, as regards flicker recognition, the differences among the 
influences of the several spectral regions is very slight indeed. It is again 
illustrated, however, that light Altered from a white can produce a hi^er 
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Fnu. than that observed with the unfiltered white (cf. Crozier and Wolf, 
1941-42 b). With this bird, the red exhibits this effect, whereas with man 
it is found in the violet and blue. 

In another general respect tiiere is an interesting parall^sm with the cor* 
re^nding curves for man (Crozier and Wolf, 1941-42 i). Either from the 
energy standpoint, or from the standpoint of visual photometry (man), curves 
for li^ts from the blue end of the spectrum lie below that for white, while the 



Fig. 2. Mean critical intensities for response to flicker by the zebra fin^, with 
different spectral regions and white. Data in Table I; see text. The intensity scale 
is in millilamberts for whiUs light, the intensities for the colored lights being adjusted 
to this on the basis of thermopile measurements; the scale is thus a relative energy 
scale. (The minor systematic deviations from the probability ^integrals drawn are 
discussed in the text.) 

curve for red may fall at intensities higher than the curve for white. In the 
human case, with retinal areas of moderate size, Fmax. U’t a given ft is more 
decidedly a function of wavelength, so that adequate comparisons required 
finding for each color the value of ft serving to bring the curve to the same 

F The mean energy flux for the inflection point on the (“cone”) curve 

(/) could then be computed. The comparison of these quantities showed 
that excitation by the white was approximately an average of that due to 
pr imar y parts of the spectrum, and certainly not in any sense a simple sum of 
primary excitations. (Even without correction to the same this con- 
elusion is qualitatively correct.) 
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For the zebra finch this comparison can be made a little more directly. 
Thus for ti = 0.10 the maxima for V, B, G, and Y are practically the same. 
That for R could not be reduced to the same level by changing For the 
white, Fomx. == SS.2 at ca. = 0.50, with r' = ca J.8, as we know from other 
work. We also know from these additional observations that <r'iog/ is inde- 
pendent of /l within these limits {cf. Fig. 2, ar>d Crozier and Wolf, 1940-41 a). 
We can then compare the values of the mean relative energy flux for 50 per 
cent activation of all the elements potentially excitable by white and by the 



Fig. 3. The data of Fig. 2 shown on a probability grid. The lateral separation 
of the curves is arbitrary, for convenience. The slopes for the different contours 
^ffer only very slightly; that for the red (R) is a little lower than for the others, but 
in the case of the white (W) the slope is lower still. The maxima (asymptotic Fn,*x.) 
to which the curves have been computed are indicated. 

different colors, although the properties of the R curve compel the comparison 
to remain qualitative. 

The relative mean energy fluxes at the inflection points of the curves in 
Fig. 2 are {h = 0.10): 

V -5.063 
B - 5.971 
G - 5.334 

Y - 5.492 
R - 3.867 

(W - 5.950), 

and for W, at about the same Fm.,., h - 0.50, the number is 4.498. Flicker 
excitation by the white is dearly of intermediate efficiency. 
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IV 

In comparing the general intensity leveb of the flicker contours for different 
animals we have pointed out (Crozier and Wolf, 1940-41 a) that, at * 0.50 
(white light), when correction is made for the organism's temperature there is 
very little difference between the flicker contours for the zebra finch and the 
turtle Pseudemys {cf. Crozier, Wolf, and Zerrahn-Wolf, 1938-39; Crozier and 
Wolf, 1939-40). Since the level of r' is more responsive to changes in with 
Pseudemys than with Taeniopygia, the turtle II = 0.10 curve would actually 
fall (for the same body temperature) at an intensity level below that for the 
zebra finch. In our observations with the house sparrow {Passer domesticus) 
the contour for /l = 0.10 lies 0.5 log unit below that for the zebra finch, about 
where the Pseudemys curve would be with the temperature correction. Con- 
sequently there is nothing very mysterious about the high flicker acuity of 
birds in general. The relative inefliciency of the red light for the finch is thus 
all the more striking. 

Before discussing this, however, it may be pointed out that if it were mechani- 
cally possible to extend the R contour in Fig. 2 by using sufficiently high in- 
tensities the R curve would cross the others, its asymptotic maximum being a 
little higher. In the human data {cf. Crozier and Wolf, 1941-42 5, c, etc.) 
the relative separation of the B and R curves is, of course, in general markedly 
greater at lower (“rod") intensities than at higher — a manifestation of the 
Purkinje effect, while for test areas entirely within the fovea there is practically 
no such effect. The (theoretical) crossing of the other curves by the R in the 
data of Fig. 2 is not exactly the sort of effect which has been in mind in dis- 
cussions of this point for visually duplex birds {cf. Lashley, 1916; Laurens, 
1923; van Eck, 1939), but it suggests certain possibilities for the investigation 
of Purkinje effects in the “cone" curves of other forms, where the crossing 
could conceivably be more extreme under certain conditions. 

The differences between the flicker wavelength functions for man and 
Taeniopygia can be studied most simply by considering the relative mag- 
nitudes of the shifts in mean energies for activation of one half the potentially 
excitable flicker recognition elements, under such conditions that Fmax. is 
about the same for each set. The filters used were the same. For the “cone" 
curves with man (Crozier and Wolf, 1941-42 c) B is more effective than V or G, 
whereas with the bird B is markedly less effective. With man the red is, 
on the mean energy flux basis, less effective than V or G, or than W. In the 
bird, however, the R is very much less effective, while in keeping with the 
“average" quality of white we find W and B about equivalent, and less effective 
than V, G, or Y, although more potent than R. The data on man used here 
refer particularly to tests with a 6® square test field centered at the fovea 
(Crozier and Wolf, 1941-425). The order of wavelength effectiveness is the 
same for a quite field (0.6® square) within the fovea, as other experiments 
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have shown, but is modified in other parts of the retina and is to some extent a 
function of image area as well. If instead of being put upon an energy basis 
the corresponding data for bird and man are compared with intensities on tlie 
scale for photometric brightness, the red (like the white) is still telaUvely much 
less efficient for the bird, the blue slightly less, and the green slightly more 
efficient. 

In making these comparisons several factors are, of course, not taken into 
account. The nature of the apparatus used rules out the necessity for an iris 
correction in the data on man, and the retinal area (absolute, and in r&jation to 
full-eye illumination) is not considered although it is different in the bird. The 
fact that the curves of Fig. 2 are symmetrical, together with the fact that 
o'lQg/ is so nearly the same for all wavelengths, shows that there is no ground 
for suspecting that in the bird^s case there is any complication due to iris con- 
traction. It would be remotely possible, of course, in view of the nature of 
the probability summation, to have the symmetry of the curve unaffected if 
the iris opening followed the same law, but in that case it could not be ex- 
pected that (r'logi would be independent of X. The point can be tested with 
other birds in which the iris opening is more easily observed. 

Of greater importance is the fact that in the two sets of measurements no 
corrections have been made for absorption of light by the ocular media. Al- 
though we cannot in any case expect indications from determinations of thresh- 
olds to agree entirely with those given by the flicker contours, the close qualita- 
tive correspondence between the wavelength intensity functions for responses 
in man, rat, pigeon, owl (cf. Graham and Riggs, 1935; Laurens, 1923; Hamilton 
and Coleman, 1933; Graham, Kemp, and Riggs, 1935; Hecht and Pirenne, 
1940-41) suggests that no gross differences seem to exist in the absorptions of 
the several ocular media. Since, however, even the wavelength sensitivity 
function for the Limtdus visual cell does not differ m any striking way (Graham 
and Hartline, 1934-35) the force of this conclusion may be questionable. A 
full analysis of the significance of threshold effects is required before it can 
really be understood (c/. Crozier, 1940a). With respect to flicker it is fairly 
clear that differences between flicker contours are determined by differences 
in numbers of units activated as well as by differences in the average neural 
activities of single units under changed conditions. Differences in ocular ab- 
sorption might be quite complexly involved in modification of these two factors, 
both as regards threshold effects or amounts of sensory action as well as flicker. 

In comparing the flicker contours for man and findi the relative inefficiency 
of the blue and the marked inefficiency of the red with the finch immediately 
suggests a differential role of the cone pigment globules. This can be tested. 
Ti^e deduction is that reddish oil globules may here be scanty or even lacking 
and that these cone globules in the finch may be predominantly greenish 
yellow. For an account of the several retinal pigments, as found in the chicken. 
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cf» Wald and Zussman, 1938. It has been suggested that in diurnal birds 
orange and reddish globules are usually found to be abundant (Schultze, 1866; 
Hess, 1912; Henning, 1920; Erhard, 1924; BlSsser, 1936; van Eck, 1939), and 
that such birds are comparatively blind in the blue and violet. Certainly 
there is no evidence for anything of the latter sort in the present data. 

Our ophthalmoscopic observations of the zebra finch eye agree rather well 
with Wood’s account for members of the related Fringillidae (Wood, 1917, 
plate LIV) ; the eyeground is bright blue-green gray, with bright dots, and with 
no differentiated red region. When the freshly teased retina was viewed under 
the microscope it was found (after the conclusion of the flicker observations) 
that approximately 15 per cent of the oil globules were bright red, the re- 
mainder greenish; a few of the latter were bluish green, some yellowish green, 
and a much smaller number definitely yellow. The small proportion of reddidi 
globules in this diurnal bird represents a rather sharp difference from what has 
been customarily described, but is quite consistent with the deduction made 
from the properties of the flicker contours. It should be remarked also that 
the differentiation of the definitely red globules is quite sharp in the case of the 
zebra finch, there being no orange globules. 

SUMMARY 

With lights of different spectral compositions filtered from a white, the 
flicker response contours for the zebra finch are found to exhibit the same 
general kind of relationship between flicker excitation and wavelength as is 
found in the case of man (“cone” contours), with the same filters. The flicker 
contours for the zebra finch are simplex; the retina contains no rods. On a 
relative energy scale, with a flash cycle of fixed light-time percentage (10 per 
cent) the curve for yellow almost coincides with that for the white, the curve 
for red lies at much higher intensities, and the curves for blue-green and violet 
fall below that for the white by amounts increasing in that order. The maxima 
to which the curves rise and the slope constants are very nearly the same 
for all the spectral regions. For the bird the blue was a little less efficient, the 
green a little more efficient, and the red very much less efficient than in the 
case of man. It was deduced that in the retina of this diurnal bird the number 
of red oil globules should be comparatively small and that most of the globules 
should be greenish yellow. This was confirmed by direct examination. 
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COUNTERACTING THE RETARDING AND INHIBITORY EFFECTS 
OF STRONG ULTRAVIOLET ON FUCUS EGGS BY 
WHITE LIGHT* 
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INTRODUCTION 

It has been shown that moderate dosages of unilateral ultraviolet light cause 
rhizoids to form on the non-irradiated sides of Fucus eggs (Whitaker, 1941; 
Whitaker, 1942). Thus 50 ergs per mm.* of X 2537 A cause more than 98 
per cent of the eggs in a population to respond (Whitaker, 1942). Dosages 
of this order of magnitude have no appreciable effect on the developmental 
rate, but dosages of 20,0(X) to 50,000 ergs per mm.* very considerably retard 
and inhibit development (Whitaker, 1942). 

The addition of jS-indole acetic acid to the medium after eggs have been irra- 
diated with 20,0(X)-50,000 ergs per mm.* X 2537 A does not revive the eggs or 
cause them to recover from the retarding and inhibiting effects of the ultra- 
violet light. If the sea water medium in which eggs are strongly irradiated and 
then reared is acidified from pH 8.0 to pH 6.0, the sensitivity of the eggs to the 
ultraviolet is decreased (Whitaker, 1942). The present ejcperiments were 
undertaken to test the effect of white light upon the sensitivity of the eggs to 
strong dosages of ultraviolet. 

Material and Method 

Fucus furcatus was collected at Moss Beach and at Pescadero Point, Californiai 
during the months of April, May, and June, 1941. Gametes were obtained and fer- 
tilized in a manner previously described (Whitaker, 1942; Wifiitakcr, 1936). Fil- 
tered sea water (specific gravity 1.025-1.027) at pH 7.9-8. 1 was used as the medium 
throughout. The eggs were fertilized and reared in a constant temperature room 
at 15 db 1/4®C., and were shielded from all light except the experimental exposures, 
and brief exposures to dim red light. 

The eggs were irradiated with ultraviolet light in 4 clear fused quartz rectangular 
culture vessels, 50 X 25 X 15 mm. These vessels were made of polished stock 
1 mm. thick and they have good optical properties. The eggs were arranged on 
plate glass slabs within the quartz vessels so that they were in two rows. One row 

* This work has been supported in part by funds granted by The Rockefeller 
Foundation. 
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was above and behind the other so that there was no eclipsing, and eggs were at least 
5 egg diameters apart in the row. The radiation passed through 9 d: 1 mm. of sea 
water before reaching the eggs. 

A Westinghouse sterilamp was used as the source of ultraviolet. It is a gas tube 
mercury resonance lamp, and more than 90 per cent of the radiant energy is of the 
wave-length 2537 A An appreciable amount of X1800 A is produced in the gas space, 
but almost all of this ozone producing frequency is absorbed in the corex glass tube 
of the lamp. Small amounts of X3130 and 3660 A arc emitted, as well as dim visible 
light of bluish color. Practically no heat is produced. The intensity of ultraviolet 
wave-lengths shorter than 3200 A was measured by means of a Hanovia ultraviolet 
meter. The intensity of the lamp did not vary more than 6 per cent at most during 
a run. Intensity measurements were made periodically during each run, and the 
duration of the exposure was adjusted to compensate for variations in intensity, to 
give the desired total dosage. The eggs were placed 6 inches from the tube of the 
sterilamp and the rate of application of the ultraviolet energy to the eggs was ap- 
proximately S2S-5S0 ergs per mm.^ per minute. The absorption of the ultraviolet 
in pwissing through 9 mm. of sea water to reach the eggs is minor and has been neg- 
lected in calculating dosage. The mid-point of the period of exposure to ultra- 
violet occurred in all cases very nearly at 8 hours after fertilization. The duration 
of the exposure to ultraviolet was very nearly 36 minutes for 20,000 ergs, 66 minutes 
for 35,000 ergs, and 95 minutes for 50,000 ergs. 

Due to the delay in development caused by the ultraviolet it was necessary to 
extend observations over a number of days. Therefore, in order to free the quartz 
vessels for starting new experiments, after irradiation with ultraviolet the eggs 
were transferred on the glass slabs from the quartz vessels into rectangular Petri 
dishes for rearing with or without white light. Although this transfer was carried 
out with great care, the eggs may have moved somewhat, and therefore little con- 
sideration has been given in these experiments to the direction of rhizoid formation. 
Incomplete evidence suggests that eggs do not necessarily form rhizoids on the sides 
away from strong doses of X2537 A. 


RESULTS 

In the first series of experiments, the eggs in half the vessels were exposed to 
white light from an ordinary frosted 75 watt bulb at 1 meter distance. This 
exposure to white light began immediately after termination of the irradiation 
with ultraviolet and transfer of the eggs to the Petri dishes, and continued until 
the end of the experiment. The same sides of the eggs were exposed to ultra- 
violet and to white light, except for any movement of the eggs during transfer 
(see Method). The white light passed through a water cell, and a fan caused 
air to flow from the eggs toward the light to minimize temperature effects. 

The object of this first series of experiments was to see whether the white 
light would to some extent revive the eggs or cause them to recover from the 
retarding and inhibitory effects of the ultraviolet, when applied only after 
termination of the ultraviolet treatment. A part of the results is shown in 
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HOURS AFTER FERTILIZATION 

Fig. 1. Typical results showing effect of white light in accelerating rhizoid forma- 
tion after eggs have been exposed to retarding and inhibiting dosages of ultraviolet. 
The white light was turned on after termination of the ultraviolet treatment at about 
8.4 hours after fertilization. In A, the eggs received 20,000 ergs per mm.^ ultra- 
violet; 446 eggs were reared in the light and 393 in darkness. In B, the ultraviolet 
dosage was 35,000 ergs per mm.*; 398 eggs were reared in the light and 344 in dark- 
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Fig. 1. Fig. lA shows the results of a typical experiment in which 20, (m 
ergs pet mm.* ultraviolet were applied. Two other similar experiments in- 
volving 201 and 300 eggs reared in the white light, and 296 and 270 eggs reared 
in the dark, resp)ectively, gave results very much like those shown in Fig. 1 A, 
but the differences between the rates of development in the white light and in 
the dark were somewhat greater. Fig. 1 B shows the results of an experiment 
in which 35,000 ergs per mm.* ultraviolet were applied. The retardation of 
development is greater in this case, but the effect of the white light is very 
marked in reducing the retardation Another similar experiment, involving 
320 eggs reared in the dark and 280 reared in the white light, gave similar re- 
sults, although the effect of the white light was not quite so great. After 
50,000 ergs per mm.* ultraviolet, the developmental delay was very great. 
Most of the eggs did not develop at all before cytolizing some days after the 
irradiation with ultraviolet. However, in two experiments with 50,000 ergs 
per mm.* ultraviolet, more eggs formed rhizoids in the white light than in the 
dark, and they formed them sooner. 

It is clear from these results that the rhizoids form much sooner in the white 
light after the eggs have been exposed to ultraviolet. However, it has already 
been shown that normal Fucus eggs form rhizoids somewhat sooner in the light 
than in the dark (Whitaker, 1936). In the present experiments it is therefore 
of interest to find out how much acceleration of rhizoid formation can be attrib- 
uted to the effects of the white light quite aside from the effects of ultraviolet. 
For this purpose, in a second series of experiments, eggs were illuminated with 
white light from the 75 watt bulb at 1 meter distance beginning at 8.4 hours 
after fertilization and continuing to the end of the experiment. The white 
light was also turned on at about 8.4 hours after fertilization in the first series 
of experiments. No ultraviolet was used in this second series of experiments. 
Two experiments were carried out, involving 4 vessels each, and the eggs in 
half the vessels served as dark controls. The rhizoids formed sooner in the 
light, but the speed up is not more than 2.5 hours at most, under these condi- 
tions. The speed up in the light is probably somewhat exaggerated as meas^ 
ured, since the light came from one side and caused the rhizoids to form on 
the opposite sides of the eggs where they could be seen from above at the very 
earliest stages of formation. In the two experiments, the time at which 50 per 
cent of the population formed rhizoids was earlier in the light by 1 hours in 
one case, and by 1 3^ hours in the other. Half of the eggs had formed rhizoids 
in the dark at 16 hours after fertilization. This acceleration is small compared 
with that caused by the white light after strong dosages of ultraviolet. 

A third series of experiments was imdertaken to see if a strong white light 
applied during the time of exposure to ultraviolet would exert a protective effect 
upon the eggs. An ordinary 200 watt bulb was placed at a distance of 14 inches 
from the eggs in half the vessels. The white light passed through a water cell 
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to absorb heat, and the same siaes oi uic cgs- — - • 

the white light. Thewhitelightwastumedonmaiuasc^Tiiiiii-*-—''" 
ultraviolet, but the ultraviolet and the white light were turned off nt the same 
time. Thereafter the eggs developed in darkness except for brief exposures to 
dim red light to make counts. In two experiments the eggs were exposed tO 
20,000 ergs per mm.* ultraviolet. In both cases the exposure lasted 36 min- 
utes, its mid-point occurring at 8 hours after fertilization. The results of one 
of these are shown in Fig. 2. The results of the other, involving 200 eggs ex- 



FiG. 2. Results of an experiment showing the protective effect of exposure to 
strong white light during exposure to retarding ultraviolet (20jW 
Two vessels containing a total of 375 eggs were exposed to white hght and ultra- 
violet; the averaged results are shown with open circles. Two con^l ves^ls ron- 
taining 398 eggs were exposed to ultraviolet only; the results are shown with sohd 

circles. 


posed to white light and 300 controls, are essentially 

5T^id formation in the light was not quite so A third e^r^em 

was earned out with 35,000 ergs per mm.* ultravmlet apphed ^ ™ 

(33 minutes on either side of 8 hours after fertihtation). devdoprn 
was very greaUy inhibited by the ultraviolet in this 

hours after fertilization rhizoids .“nt of 270 eggs that 

received white light with the ultraviolet, and on " t“^„ce 

received ultraviolet only. The concurrent white ^ Aus appears 
the inhibition as weU as the retardation of rhizoid formation. 



396 


COUNTERACTING EFFECTS OF ULTRAVIOLET ON FUCUS 


DISCUSSION 

From the results of the first series of experiments (Fig. 1), it is clear that white 
light applied after strong dosages of ultraviolet counteracts the retarding action 
of the ultraviolet on development to a very considerable extent. Since white 
light tends to speed up the rate of rhizoid development in normal Fucus eggs 
that have not been subjected to ultraviolet light (Whitaker, 1936), it is of in- 
terest to compare the accelerating effect of white light with and without ultra- 
violet treatment. The results of the second series of experiments show that 
the white light does not speed up the rhizoid formation, in the absence of ultra- 
violet effects, more than about 2.5 hours at most, under the conditions of the 
experiments. After eggs have been retarded by heavy dosages of ultraviolet, 
the white light has a much greater accelerating effect than this, as may be seen 
in Fig. 1. In Fig. 1 B, for example, 20 per cent of the population reared in 
white light formed rhizoids more than 100 hours before the same percentage of 
the population reared in the dark. After the strongest dosages of ultraviolet 
(e.g., 50,000 ergs per mm.^), which completely inhibit rhizoid formation in most 
of the eggs, the white light appears also to increase the percentage of eggs that 
form rhizoids before cytolizing, although this effect is not as well established as 
the increase in rate of rhizoid formation. 

The third series of experiments shows that strong white light shining on the 
eggs at the same time they are receiving heavy dosages of ultraviolet greatly 
protects the eggs from the retarding and inhibiting effects of the ultraviolet 
(Fig. 2). This protective effect appears to be even more marked than the 
recovery effect shown in the first series of experiments, although the white light 
was on so briefly that it cannot have had much of the type of effect shown in 
the second series of experiments. The white light was turned on 4 minutes 
earlier than the ultraviolet, in the third series of experiments, so that photo- 
synthesis might be well established when the ultraviolet began to fall on the 
cells. 

Until monochromatic bands or limited regions of the spectrum are tested, 
there is of course no basis for a definite opinion about what frequencies are ef- 
fective or about the means of action of the white light. If the longer wave- 
lengths of the visible spectrum are effective, it might be supposed that photo- 
synthesis is involved. 


SUMMARY 

1. Strong dosages (20,000-50,000 ergs per mm.®) of ultraviolet light, predom- 
inantly of the wave-length 2537 A, greatly retard and inhibit the development 
of rhizoids in Fucus eggs irradiated at about 8 hours after fertilization. 

If white light shines on the eggs after the irradiation by ultraviolet is 
terminated, the white light causes a considerable degree of recovery from the 
retarding and inhibiting effects. 
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3. If strong white light shines on the eggs during the ultraviolet irradiation, 
its effect is even more marked in protecting the cells from the damaging effects 
of the ultraviolet. 

The author is indebted to Mr. W. E. Berg for assistance in carrying out the 
experiments. 
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The activity of many enz3nnes is very appreciably modified by oxidizing or 
reducing agents. Such enzymes as urease (Hellerman, 1939; Sizer and Tytell, 
1941), cathepsin and papain and papain-like enz3rmes (Hellerman, 1937; 
Greenberg and Winnick, 1940), carbonic anhydrase (Kiese and Hastings, 1940), 
succinic dehydrogenase (Hopkins, ei al.^ 1938), triosephosphate dehydrogenase 
(Rapkine, 1938), and glycerol oxidase (Barron, 1940) are activated by reducing 
agents and inactivated by oxidizing agents. These effects have been inter- 
preted in terms of the configuration of thiol groups in the enzyme molecule; 
when the sulfur is in the reduced -SH form the enzyme is active, when in the 
oxidized -SS- form the enzyme is inactive. Fruton and Bergmann (1940) and 
Irving et al. (1941) believe that the activation of papain and cathepsin cannot 
be explained by this hypothesis, and state that activation is a two-step process 
involving the formation of an addition complex between the activator and the 
enzyme. Sizer and Tytell (1941) reported, in the case of crystalline urease, 
that activity is a continuous function of oxidation-reduction potential with an 
optimum activity at E* = +150 mv. and a gradual decrease in activity at lower 
as well as higher potentials. It seems very important for the interpretation of 
enz5rme action to find out whether variation of enzyme activity with oxidation- 
reduction potential is characteristic of other enzyme systems as well. Many 
enzyme systems do not appear to be sensitive to oxidants or reductants, pos- 
sibly due to the presence of stabilizers accompanying the enzyme {cf. Irving 
et al.y 1941) or because of the greater stability of the enz3nue molecule. Such 
an en:^me is yeast invertase which, although relatively unaffected by weak 
oxidants or reductants (Ito and Obo, 1939), is inactivated by a wide variety of 
other agents such as certain metal salts, L, HNO2, phenylhydrazine (Myrback, 
1926), by nitrophenols, quinine, and its derivatives (Rona and Bach, 1921), 
aniline (Euler and Svanberg, 1921), alkaloids (Rona et al,, 1924; Mezzadroli 
and Amati, 1933), alcohols (Colin and Chaudin, 1931), certain dyes and nar- 
cotics (Baur, 1939), ascorbic acid (ELlodnitskaya and Strachiskii, 1938). Using 

* Contribution No. 194 from the Department of Biology and Public Health, 
Massachusetts Institute of Technology, Cambridge, Massachusetts. 
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this enzyme as an example of those not affected by mild oxidants or reductants, 
a systematic study of the relationship of invertase activity to oxidation-reduc- 
tion potential has been made. 


Methods 

The kinetics of the yeast invertase-sucrose system were studied by measuring 
the amount of invert sugar liberated during the hydrolysis, by utilizing for this 
purpose Sumner’s dinitrosalicylic acid reagent for reducing sugars (Sumner, 1925; 
Sumner and Howell, 1935), which has been found satisfactory for invertase studies 
(Sizer, 1938 a, 1938 h). Using this technique it was found that the reaction foUows 
a smooth curvilinear course, and that the reaction is unimolecular for the first third 
of the inversion (Sizer, 1938 a, 1938 5). In view of the uniform kinetics during 
the early portion of the inversion, the amount of invert sugar liberated in a given 
time can be taken as a measure of rate. In preliminary experiments the 2 minute 
determination of invert sugar was subtracted from the 10 minute one. If the 2 
minute determination was neglected, however, the results were relatively the same, 
so in all subsequent experiments duplicate samples of the digest were taken for 
the analysis of invert sugar after the inversion had proceeded for 10 minutes. 

A number of samples of commercial invertase (Digestive Ferments Co., Waller- 
stein Laboratories) was used as well as fresh and powdered bakers’ yeast (Fleisch- 
mann) and brewers’ top yeast (Haffenreffer), and several invertase preparations of 
varying degrees of purity prepared from bakers’ yeast according to Lutz and Nelson 
(1934). In all cases the invertase was dissolved in distilled water and diluted to 
such a concentration that it would liberate 10-20 mg. invert sugar per ml. at 30 =fc 
O.Ol^C. in 10 minutes. 1 ml. of the enzyme solution was added to 1 ml. oxidant 
or reductant (usually 0.1 m) and incubated for 5 minutes. To this solution were 
then added 8 ml. 6 per cent sucrose dissolved in phthalate buffer, pH 4.6 (optimum 
pH for invertase). After the 10 minute inversion period duplicate samples were 
taken, and the amoimt of reducing sugars was determined colorimetrically after 
treatment with the dinitrosalicylic acid reagent. In all preliminary experiments 
the Duboscq colorimeter was used, but since more quantitative data could be ob- 
tained with the Spekker photoelectric absorptiometer, all subsequent work was done 
using this instrument. The number 6 light blue filter (maximum transmission at 
X — 4810 A^) was used. The standard solution contained 20 mg. glucose and was 
treated in the same manner as the experimental solutions. 

The addition of the enz 3 ane plus oxidant or reductant to the sucrose solution did 
not appreciably modify the pH of the solution which was 4.63 ± 0.03 in all cases 
except for the solution containing thioglycoUic acid where the pH was 4.24. A con- 
trol which contained distilled water instead of the oxidant or reductant was run 
with every five experimental tubes, and the activity of the invertase in the presence 
of oxidant or reductant was expressed as a percentage of the control. 

The oxidation-reduction potential of the digest was measured at room temperature 
after the 10 minute inversion using the Beckman pH-£jb meter. The Eh of the so- 
lutions containing Na 2 S 804 or KMn 04 was unstable and was measured immediately 

* Measured with the Hardy recording photoelectric spectrophotometer. 
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on duplicate digests instead of after the 10 minute interval. Solutions of the un- 
stable oxidants or reductants were freshly prepared just before use. 

Experimental and Results 

Reaction rate was measured by the amount of invert sugar formed in 10 
minutes, and was expressed as a percentage of the rate of the control, which con- 
tained distilled water instead of oxidant or reductant. A search was made for 
oxidants or reductants suitable for poising the system at the desired oxidation- 
reduction potential. In most cases these compounds could be used in a final 
concentration of 0.01 m without exerting any effect which might be ascribed to 
the concentration of salt employed. More dilute solutions than this of KMn 04 
and I-KI had to be used in order to avoid inhibiting effects related to concen- 
tration. Preliminary experiments on commercial invertase samples using the 
Duboscq colorimeter indicated that there was little effect upon invertase ac- 
tivity of changing the Eh of the digest from —270 to +600 mv., but above 
+600 mv. the activity decreased rapidly. 

Quantitative studies, using the photoelectric absorptiometer for the colori- 
metric determination of reducing sugar, were made on Wallerstein’s red label in- 
vertase scales, using fifteen different oxidizing or reducing solutions to poise the 
oxidation-reduction potential of the digest in the range from —270 to +1,000 
mv. The activity of invertase in the presence of each of these solutions was 
meaured on 10 different daLys and an average of the data on each solution was 
taken. The average activity was then plotted against the average oxidation- 
reduction potential as shown in Fig. 1. Despite the appreciable scatter of the 
points, it is apparent that invertase activity is independent of Eh up to +400 
mv., above which the activity falls sharply reaching 0 at = 1,000 mv. The 
points for invertase plus H 2 -Pt asbestos or 0.01 M Na 2 S 204 are probably not sig- 
nificantly below the curve, since in many of the individual experiments the 
corresponding activities were 100 per cent. The point for invertase plus 
0.00001 M I-KI, is very low; this may be related to a toxic as well as an oxidizing 
effect of iodine. 

A number of different samples of commercial invertase vlere then studied to 
determine the relationship of the JS^-activity curve to the purity, source, and 
method of preparation of the enzyme. Difco liquid invertase, Wallerstein's 
blue label, green label, and liquid invertase preparations were used. The data 
with all four commercial samples are very similar, so only one characteristic 
curve is presented in Fig. 2 (curve A). The curve is very similar to that of 
Fig. 1, indicating a constant activity over the Eh range from — 270 to +400 mv. 
and a rapid decrease in activity above +400 mv. 

Experiments with Highly Purified Invertase 

From the preceding experiments with different commercial preparations of 
invertase it appears that the JS*-activity curve is independent of the source and 
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type of preparation used. Since these samples of invertase may contain 
natural activators or stabilizers, the ^A-activity curve could be explained in 



-200 0 200 400 600 800 1000 


Eb (MV.) 

Fig. 1. Per cent invertase activity is plotted as a function of the oxidation-reduction 
potential of the digest. The digest contained 0.005 per cent Wallerstein’s red label 
invertase, 5 per cent sucrose, phthalate buffer pH 4.6, and one of the following: 

1. Hi -|- Pt asbestos 9. 0.01 H K 2 Cr 207 

2. 0.01 M Na2S204 10. 0.01 ii H 2 O 2 

3. 0:001 u Na 2 S 204 11. 0.00001 k I-Kl 

4. 0.01 u cysteine 12. 0.0001 m I-KI 

5. 0.01 H thioglycollic acid 13. 0.001 H I-KI 

6. Water 14. 0.00001 u KMn 04 

7. 0.01 u K4Fe(CN)4 IS. 0.0001 M KMn04 

8. 0.01 M K2Fe(CN)s 16. 0.001 11 KMn04 

terms of the effects of the oxidants or reductants on such impurities rather than 
on the invertase itself. With impure papain (Irving, et al., 1941) and impure 
urease (Sizer and Tytell, 1941) such contaminants have been shown to be im- 
portant in activation-inactivation phenomena. In view of this evidence it 
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Fig. 2. Per cent invertase activity is plotted against the '^oxidation-reduction 
potential of the digest. The numbers refer to the same oxidants or reductants as 
in Fig. 1. Different invertase preparations were used for each curve. A, Wallerstein 
green label invertase. B, fresh Fleischmann’s bakers’ yeast. C, dried, powdered 
Fleischmann’s bakers’ yeast. D, filtrate of toluene autolysate of yeast. E, kaolin 
eluate of invertase prepared according to Lutz and Nelson. F, dialyzed (NH 4 ) 2 S 04 
filtrate of highly purified invertase prepared according to Lutz and Nelson. 

seemed advisable to determine the possible r61e of contaminants by studying 
the -Efc-activity curve of invertase as a function of enzyme purity. 

For impure invertase use was made of untreated fresh and powdered bakers’ 
yeast. In the former practically 100 per cent of the yeast cells were alive (as 
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determined by the diflFerential methylene blue staining technique, Nelson, 
et al,y 1932), while in the dried yeast about 2/3 of the cells were dead. The 
corresponding JS^-activity curves for these two sources of invertase are shown 
in Fig. 2, curves B and C. The curves are similar to those for commercial in- 
vertase, although the break seems to occur at a somewhat higher £*. The 
question arises in the case of the fresh yeast as to whether or not the action of 
tihe reagent on the enzyme inside the cell is preceded by the death of the cell. 
Experiments on this problem indicated that only in the presence of KMnOi and 
I-KI, is the mortality of the cells appreciable in a period of IS minutes. Ex- 
periments were also performed on brewers* yeast and it was found that the 
E^-activity curve was very similar to that for bakers* yeast. 

Invertase was prepared from bakers* yeast® by the method of Lutz and 
Nelson (1934). By this method a SOO-fold increase in activity above that of 
the original toluene autolysate was obtained. At each step in the purification 
samples of the invertase were taken in order to determine how the E^-activity 
curve changed as the purity of the enzyme increased. Only three t5rpical 
curves for yeast invertase in three different stages of purification are shown in 
Fig. 2; curve D is for the filtrate obtained after autolysis of the yeast with 
toluene, curve E for the eluate after kaolin absorption, curve F for the filtrate 
after saturation with (NH4)2S04 and dialysis. All the curves are very similar 
with no change in activity between —270 and +600 mv.; above the latter the 
activity falls rapidly becoming 0 at E\ = +1,000 mv. The most highly puri - 
fied preparations seemed somewhat less stable, and were slightly inactivated 
by the 0.01 m Na2S204. The fact that the E^-activity curve is essentially 
independent of invertase purity makes it seem unlikely that the curve can 
be explained in terms of effects on natural activators, stabilizers, or inhibitors 
which accompany the invertase. This conclusion must be accepted with 
caution since pure crystalline invertase was not used, and since it is not im- 
possible that during the purification of invertase these substances possibly 
concerned with the E^-activity curve maintained their same relative con- 
centrations. 


Other Oxidizing or Reducing Compounds 

Oxidizing or reducing agents cannot be used indiscriminately to poise the 
invertase system, since some of them have a specific toxic action in addition 
to Eh effects. In this category are such substances as Br2, Na2S, FeCla, ascorbic 
acid, and iodoacetic acid. On the other hand many other compounds prove 
quite satisfactory and the typical E^^-activity curve can be obtained when they 
are ^psed to poise the digest (Fig. 3, curve A). 

® The author wishes to acknowledge the assistance of Mr. Herbert Jaffe in the 
purification of the invertase. 
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Fig. 3. Per cent invertase activity is plotted against the oxidation-reduction 
potential of the digest. 

Curve A. Invertase purified according to Lutz and Nelson. The oxidants or 
reductants are the same as in Fig. 1 plus the following; 

17. 0.1 saturated H2S 23. 0.01 m KCNS 

18. 0.01 M methionine 24. 0.01 m KCN 

19. 0.01 M glutathione 25. Saturated quinone 

20. 0.01 M CeCls 26. Saturated cystine 

21. 0.01 M FeCk 27. 0.01 m Na2Se04 

22. 0.01 M Na2Se08 28. 0.01 m CrCla 

29. 0.00001 M Ba(Mr<)4)2 

Curve B. 0.008 per cent Wallerstcin red label invertase. The oxidant or reductant 
was added to the enzyme, then removed by dialysis before the sucrose solution was 
added. Symbols are the same as in Fig. 1 ; the ordinate scale is on the right. 

Curve C. 0.008 per cent Wallerstein red label invertase, 5 per cent sucrose, plus 
one of the following: 

1. H2-Pt asbestos 5. 0.(XX)1 m KMn04 + 0.(X)09 K4Fe(CN)6 

2. 0.01 M thioglycoUic acid 6. 0.0001 m KMn04 -f 0.0007 IC4Fe(CN)6 

3. Water 7. 0.0001 m KMn04 + 0.0004 K4Fe(CN)6 

4. 0.01 M K4Fe(CN)6 8. 0.0001 m KMn04 
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Do E\ Changes Act upon the Enzyme or Substrate? 

The oxidant or reductant was incubated with the invertase for 5 minutes, 
the solution then placed in a cellophane sausage casing (Central Scientific Co.), 
and the oxidant or reductant removed by dialyzing for 1 hour under turbulent 
tap water (chemical tests showed this time to be sufi&cient for the remoAral of 
these substances). The invertase activity of the solution was then measured 
in the usual manner (Fig. 3, curve B). This curve is very similar to the others, 
and indicates that the oxidant or reductant acts solely on the enzyme, not on 
its substrate. 


TABLE I 

Activity of invertase after treatment with oxidizing agents, followed by dialysis. Plati- 
nized asbestos was then added to all the enzyme solutions and the invertase activity was deter- 
mined with and without the addition of hydrogen. 


Oxidant 

Hydrogen added 

Invertase activity 

Water, control 

No 

per cent 

100 

0.0001 M KMn 04 

No 

6 

tt tt it 

Yes 

6 

0.0001 M I-KI 

No 

0 

a it it 

Yes 

0 

0.01 M K3Fe(CN)6 

No 

84 

it it it 

Yes 

62 

0.01 M K2Cr207 

No 

84 

» it it 

Yes 

91 

0.01 M H 2 O 2 

No 

84 

44 <1 (1 

Yes 

85 


Reversibility of the Inhibiting Action of Oxidants 

It is apparent from Fig. 3, curve B, that the effects of oxidizing agents are 
not readily reversible, since the invertase did not regain its activity after these 
inhibitors were removed by dial 3 rsis. The problem of reactivation was also 
studied by bubbling H 2 (activated by platinized asbestos) into the invertase 
solution freed of oxidants by dialysis. By reducing the Eh to a low value it 
seemed possible that reactivation might be effected. Examination of Table I, 
however, reveals that no reactivation was obtained by this method. Reactiva- 
tion was also attempted by adding the reducing agents, Na 2 S 204 , Na 8 S 2 Q 8 ) 
and K 4 Fe(CN) 6 , to the invertase which had been incubated for 5 minutes 
with the oxidant. Although the oxidant was not previously removed, the 
addition of the reducing agent brought about a marked fall in Eh. In the series 
of studies made on the reversal by reductants of invertase inactivation by each 
of the oxidants there was little or no reactivation. It appears from this in- 
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vcstig&tioQ tb&t the inactivation of invertase by oxidants is essentially ir- 
reversible. 


Toxicity of Oxidants 

The inactivation of invertase by oxidants may be due to their High oxidation- 
reduction potential or may be caused by a specific toxicity of the oxidant un- 
related to Eh. The fit of points obtained with different oxidants to a ging 1 «> 
smooth curve (Figs. 1 - 3 ) may be taken as evidence of the former hypothesis. 
Additional evidence on this problem can be obtained by adding a reductant 
(K4Fe(CN)t, NajSiOi, and NatSi04 were used) to the various oxidants before 
adding the enzyme, thereby bringing about a corresponding fall in Eh. Since 
the concentration of the oxidant is held constant in all these experiments, it 
may be argued that any observed increase in activity (as compared with the 
activity in the presence of oxidant alone) must be due to the fall in potential. 
From this it follows that the original effect of the oxidant could be attributed to 
the high Eh, and not to a specific toxic action unrelated to £*. A t)rpical ex- 
periment to illustrate this point is shown in Fig. 3 , curve C, where adding in- 
creasing amounts of ferrocyanide to a permanganate solution effects a cor- 
responding decrease in and an increase in the activity of the invertase sub- 
sequently added to the mixture. These results cannot be explained on the 
basis that the addition of ferrocyanide has caused the disappearance of the 
‘‘toxic” MnOr ions, because chemical analysis indicates that the majority of 
the Mn04'“ ions are still present in the solution. 

Essentially similar results to those with KMnOi were obtained for I-KI, 
K2Cr207, H2O2, and K 8 Fe(CN)«, for when K 4 Fe(CN) 6 , Na2S208, or Na2S204 were 
added to the oxidant before the invertase was added, the expected increased 
activity was obtained in most cases. These results suggest that the inhibiting 
action of oxidants on invertase is primarily related to their high oxidation- 
reduction potentials rather than to a specific toxicity unrelated to their oxidiz- 
ing powers. 


DISCUSSION 

It is apparent from this investigation that invertase is a stable enzyme over 
a wide range of oxidation-reduction potential, but loses its activity in strong 
oxidizing solutions. It might be thought that the inactivating action of such 
oxidizing solutions is analogous to the more violent conditions characteristic 
of the oxidative degradation of proteins used in total nitrogen determinations. 
Such is apparently not the case, however, since the dilute 0.01 m solutions of 
oxidants acting for only IS minutes at 25 ®C. brought about no apparent protein 
degradation. While this oxidative degradation of invertase by oxidants 
seems to be ruled out, other explanations of their action can be suggested. 
An explanation in terms of changes in substituent sulfur groupings in the 
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enzyme is unlikely since free thiol groups can usually be oxidized at lower po- 
tentials than those required to inactivate invertase (Hellerman, 1939; Sizer 
and Tytell, 1941). Strong oxidants might react with constituent amino acids 
of invertase such as tyrosine, tryptophane, or histidine and in this way in- 
activate the enzyme. This would be analogous to pepsin inactivation by the 
iodination of tryrosine in the pepsin molecule (Herriott, 1937). Another 
plausible explanation for invertase inactivation by oxidants is that these 
agents act by denaturing the protein enzyme. Northrop (1939) has shown 
that denaturation of certain proteases is always accompanied by loss in enzyme 
activity. Reducing agents apparently do not denature proteins (Mirsky, 
1938), but the denaturation of proteins by oxidants has not yet been sufficiently 
studied to state whether or not this mechanism is likely. 

SUMMARY 

The activity of yeast invertase as a function of oxidation-reduction po- 
tential has been investigated using a large number of oxidants and reductants. 
The activity is constant over the range of Eh from —270 to -f600 mv., but 
above Eh = +600 mv. there is a sharp decrease in activity reaching 0 at Eh = 
+1,000 mv. The inhibiting action of strong oxidants is upon the enzyme 
rather than on the substrate and appears to be essentially irreversible Ex- 
periments indicate that the inhibiting action of strong oxidants on invertase is 
primarily related to their high oxidation-reduction potential rather than to 
a specific toxic action unrelated to Eh, The effects of oxidation-reduction 
potential upon invertase activity are independent of the purity of the enzyme, 
since they are the same for commercial invertases, fresh bakers' yeast, powdered 
bakers' yeast, brewers' yeast, and highly purified invertase. Possible mecha- 
nisms involved in the inactivation of invertase by oxidants are discussed. 
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THE STRUCTURE OF THE COLLODION MEMBRANE AND ITS 
ELECTRICAL BEHAVIOR 

III. The Base Exchange Properties op Collodion 

By KARL SOLLNER, CHARLES W. CARR, and IRVING ABRAMS 
{From the Department of Physiology^ University of Minnesota^ Minneapolis) 

(Received for publication, October 18, 1941) 

I 

In preceding papers^'* it was shown that electrochemical behavior of collodion 
membranes (at least in solutions of strong, weakly adsorbable electrolytes) is 
due to the presence of acidic impurities in the collodion. Highly purified prepa- 
rations exhibit only low electrochemical activity (as measured by concentration 
potentials, anomalous osmosis, etc.), and in our opinion, even this low activity 
is due to traces of acidic impurities; the ideal pure nitrocellulose should, in 
solutions of strong, weakly adsorbable electrolytes, be void of any distinct 
electrochemical activity. It was further pointed out that the charge density 
at the collodion-solution interface is the ultimate determining factor. This 
general concept was actually used some time ago in some very interesting 
attempts to put the theory of electrochemical membrane behavior on a quanti- 
tative basis (Teorell,^ Meyer and Sievers®). 

We came to the conclusion that a study of the base exchange capacity of 
the collodion-solution interfaces would be the best method of obtaining perti- 
nent quantitative data to test these theories. The base exchange capacity 
of a given substance is defined as the maximum cation exchange which can take 
place between a base exchange body and an electrolyte solution. The base 
exchange capacity of a given interface should be the limiting^ value of the pos- 
sible charge density. The actual effective charge density would be the product 
of the base exchange capacity and the degree of dissociation (or a similar 
function). 

In the present paper we shall attempt to determine whether or not a quanti- 

^ Sollner, K., and Abrams, I., /. Gen, Physiol,, 1940, 24, 1. 

*Sollner, K., Abrams, L, and Carr, C. W., J. Gen. Physiol,, 1941, 24, 467. 

* Sollner, K., Abrams, I., and Carr, C. W., J. Gen, Physiol,, 1941, 26, 7. 

^ Teorell, R., Proc. Soc. Exp, Biol, and Med., 1935, 33, 282. 

® Meyer, K. H., and Sievers, J.-F., Helv. Chim. Acta, 1936, 19, 649; Meyer, K. H., 
Tr. Faraday Soc., 1937, 33, 1073. 
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tative correlation exists between base exchange capacity of collodion and its 
electrochemical “activity” as defined in previous papers.^'* A quantitative 
evaluation of these and other data and an attempt to correlate them to the 
above mentioned quantitative theories will be the^subject of a subsequent 
publication. 


n 

Little attention has previously been paid to this problem. Beutner, Caplan, 
and Loehr* carried out experiments with “Celloidin” (Schering), a brand of 
collodion which exhibits unusually high electrochemical activity.^"* They 
measured the titratable acidity of distilled water and 0.1 m potassium chloride 
solution into which equal numbers of cubes cut from commercial “Celloidin” 
gel had been placed and shaken for 48 hours. They found that both the 
water and potassium chloride solution became acid. The titratable acidity 
after this period of shaking with collodion in the case of the water was in most 
cases two thirds as great as with the potassium chloride solution. These 
workers also roughly estimated the pH of the same solutions by indicator 
methods and concluded that the electrolyte solution became more acid than did 
the distilled water; the former had a pH of about 3.8, and the latter, 4.8. Beut- 
ner, Caplan, and Loehr conclude that this differential effect determines the 
electrochemical activity of collodion. 

Wilbrandt,^ repeating the experiments of Beutner, Caplan, and Loehr, could 
confirm the acidulation. He attributes it to the presence of nitric acid due to 
the hydrolysis of the collodion. However, Wilbrandt did not perform any 
quantitative measurements; moveover, his analytical method is open to crit- 
icism, the diphenylamine test used not being specific for nitric acid. 

Meyer and Sievers,® accepting the results of Beutner, Caplan, and Loehr, 
quote them in corroboration of their theory. 

In addition, several studies on the base exchange properties of cellulose 
appear in the technical literature.® A discussion of this material, however, 
is outside the scope of this paper, considering the restricted bearing upon our 
problem. The differences between cellulose and nitrocellulose are too great 
to allow a ready comparison. 


m 

Base exchange experiments are usually carried out in the following manner. 
First the material to be investigated for its base exchange properties is brought 
into as well defined a chemical state as possible by saturating it with cations 

®^Beutner, R., Caplan, M., and Loehr, W. M., J. Biol. C/tem., 1933, 101, 391. 
^\rilbrandt, W., /. Gen. Physiol, 1935, 18, 933. 

® Meyer, K. H., and Sievers, J.-F., Helv. Ckim. Acta, 1936, 19, 665. 

®See, e.g., Schwalbe, C. G., and Becker, E., Ber. chetn. Ges., 1921, 64 , 545. 
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of a single kind. This can be done in different wa)rs. The sample may be 
treated with an electrolyte solution, e.g., sodium chloride, until all ions capable 
of exdiange are replaced by sodium. Usually it is preferable to use a solution 
of acid (hydrochloric acid), as in this case the necessary subsequent washing 
does not cause any complications due to hydrolysis which occur if salts are 
used. Electrodialysis al^ causes replacement of all other cations by hydrogen 
ions. We shall discuss solely hydrogen ion saturated material. 

Known quantities of such material are brought into contact with a neutral 
salt solution. The hydrogen ions from the exchange body are replaced by the 
other cations in solution and the latter becomes acid. The quantity of ti- 
tratable hydrogen ion in the supernatant solution represents the base exchange 
when no complicating reactions occur. It can be measured either by direct 
titration or by determining the hydrogen ion concentration with some physical 
method, c.g., the glass electrode. The two results should check within the 
limits of experimental error. If necessary one takes into account such correc- 
tion factors as the carbon dioxide present and the activity (degree of dissocia- 
tion) of the electrolyte solutions. Any sizable disagreement between the re- 
sults of the two methods would indicate definitely that one is not dealing solely 
with true base exchange. The treatment with salt solution is, if necessary, re- 
peated until (practically) complete exchange is achieved. Often a single treat- 
ment is sufficient since the salt is usually present in great excess so that the 
hydrogen ion is replaced nearly completely, even by weakly adsorbable cations. 

If shaken with pure water, an ideal base exchange body saturated with 
hydrogen ions does not react at all. If it behaves differently, one is not dealing 
with a base exchange phenomenon but with something different, most likely 
solubility. 

Base exchange is a very fast process provided the surfaces to be tested are 
easily accessible. If inner surfaces of the exchange body are accessible only 
with difficulty or if a diffusion through the solid substance of the base exchange 
body makes itself felt, the process may require a long time for completion. 
Attention should be called to the fact that collodion membranes show their 
characteristic electrochemical properties practically instant^eously on contact 
with salt solutions. 

It is obvious from the data quoted earlier that the conditions of the experi- 
ments of Beutner, Caplan, and Loehr® did not permit measurements of the 
true base exchange capacity of collodion. This is apparent from (1) the occur- 
rence of large titration values for water which was in contact with their 
collodion and (2) the disagreement between the titration and pH values. The 
calculated pH values for the experiments quoted above are about 3.0 for the 
potassium chloride solution and 3.1 for the water. This compares with ex- 
perimental values of 3.8 for the potassium chloride solution and 4.8 for water 
reported for a similar experiment by the same authors (see above). 
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IV 

In approaching our experimental problem, we first repeated the experiments 
of Beutner, Caplan, and Loehr using Schering-Kahlbaum ‘‘Celloidin” ^‘for 
general use.” We obtained experimental data very similar to theirs. (Our 
experimental figures are given below as cases 7 a and 7 6 in Table II.) 

For a more thorough investigation, it was necessary to study a great variety 
of collodion preparations of diflFerent origin and varying electrochemical ac- 
tivity. We have investigated several American and some foreign brands of 
collodion in the original state and after purification, and in addition, oxidized 
(^'activated”) collodion^ and crude nitrocellulose. The behavior of these 
materials was studied before and after special purification processes. In order 
to obtain data which can be compared intelligently, it was necessary to study 
the different collodion preparations in as nearly the same physical and chemical 
state as possible. 

Uniformity of the physical state was achieved by allowing dilute collodion 
solutions to drip, under standardized experimental conditions, into a great 
excess of vigorously stirred distilled water in which it is precipitated immedi- 
ately. The fibrous products so obtained were washed superficially and dried. 
The precipitated material, of course, shows certain differences as to fiber length, 
aggregation of fibers, etc., according to the different molecular weights of the 
different preparations.^** The material precipitated from solution gives a 
large surface for possible base exchange, certainly not smaller than the same 
weight of collodion in the form of membranes. 

The ideal chemical state would require that all the acid groups in the col- 
lodion should be present in the free acid state, i.e., saturated with hydrogen 
ions. The extent to which this condition is fulfilled with our different collodion 
preparations is difficult to state exactly. In their manufacture they certainly 
have undergone a most thorough acid treatment. Nevertheless, they all 
contain some ash, though mostly in rather minute amounts. This ash is not 
composed of basic material only; it always contains some sulfate which was 
introduced in the manufacturing process. In the collodion, the sulfate is prob- 
ably present partially in the semi-esterified form, partially in the free, uncom- 
bined state, the latter form being prevalent in crude (not thoroughly purified) 
coUodion. If present as an acid ester, it contributes to the true acidity of the 
collodion; the uncombined fraction is present as mechanicahy admixed im- 
purity, partially or entirely combined with some of the bases. A corresponding 
quantity of acid and base would thus be neutralized, neutralized also in their 
effect on the apparent base exchange properties of the collodion. It is very 
difficult to remove the last traces of these impurities, but, as shown previously,* 
a ferge fraction can be extracted without seriously affecting the electrochemical 
activity of the collodion. One must also consider the fact that the impurities 
are distributed throughout the mass of the collodion; only a small fraction 
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could lie in the interfaces, where they might affect the electrochemical be- 
havior. Moreover, water soluble, not strongly adsorbable impurities, 
inorganic ions can readily be washed off the collodion surfaces by treatment 
with water. The possible error in our base exchange experiments which could 
be due to the ash and sulfate content is insignificant, as will become apparent. 

It is important to emphasize here that our exchange studies were carried out 
not with the native or purified fibers, but with freshly prepared fibrous material, 
obtained by dissolving our preparations in ether-alcohol and precipitating in 
distilled water. This was done with all samples unless otherwise indicated. 
This procedure assures one that only surfaces corresponding in their com- 
position to the properties of mass of the collodion are studied. Without It, 
the experiments would be subject to the objection that surfaces were studied 
which had undergone a special treatment and thus are not representative of 
the collodion. With membranes, of course, one is always dealing with surfaces 
originating from dissolved material. The collodion surfaces used for the base 
exchange studies were, in this respect, analogous to those which occur in mem- 
branes cast from the same collodion solutions. 

The exchange properties of the precipitated fibers were found to be the same, 
whether used with or without drying. For the sake of convenience, we used 
dried^® material in most cases. 

The commercial collodion preparations which we used in this work were 
precipitated from ether-alcohol solutions without any special purifying 
operations. 

Most of the preparations which we purified ourselves were treated with 60 
per cent acetic acid or alcohol-water mixtures, as indicated in Table II, column 
1. Great care was always taken to prevent the uptake of cations by using 
double distilled water. 

The *‘oxidized^* collodion was prepared from a pure commercial preparation 
by immersion for 24 hours in a sodium hypobromite solution, prepared by 
adding to molar sodium hydroxide solution enough bromine to adjust the pH 
to about 7 as described previously.* The oxidized product was washed with 
water, dilute hydrochloric acid, and again, very thoroughly with double dis- 
tilled water. The ash (and sulfate) content of properly purified oxidized 
collodion is very low, lower than that of the original material. Low molecular 
weight decomposition products originating from the oxidation process are also 
removed by the indicated treatment. For some of our experiments, this 
oxidized collodion was further purified by repeated washings with aqueous 
alcohol. We may add here that oxidized collodion prepared by immersion in 
sodium hydroxide* behaves substantially the same as collodion oxidized with 
hypobromite. However, it is somewhat more difficult to free of low molecular 

That dried collodion must be handled with due care was pointed out previously 
(Sollner, K., Abrams, I., and Carr, C. W., J. Gen, Physiol,, 1941, 26, 7). 
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weight decomposition products on account of the stronger degradation associ- 
ated with the alkaline treatment. 

The samples of crude nitrocellulose listed in the tables, as well as several 
others which are not listed, were obtained through the courtesy of the Monsanto 
Chemical Company, Plastics Division.^^ According to the information re- 
ceived, they were taken from the manufacturing process at the end of the 
washing to eliminate free acid, but before the purification steps intended to 
remove sulfuric esters and other impurities. The samples of crude material 
listed in Tables I and II are representative for crude collodion; several other 
lots which we have tested had very similar properties. Sample A was received 
wet with alcohol, having been washed several times with 95 per cent alcohol. 
Sample B was obtained in the water wet state. The combined effect of proper 
purification operations, such as boiling with water and boiling or repeated 
washing with alcohol of suitable concentration, allows one to prepare from 
sample B a product which is practically identical in its properties with sample 
A. In the same way, any desired degree of purity, base exchange capacity, 
and activity can be obtained with material from either batch at will. Several 
samples treated in the described manner are listed in Table II. Of course, 
each batch of crude collodion is slightly different as to ash and sulfate content, 
base exchange properties, and activity, according to the moment at which it 
was withdrawn from the regular manufacturing process. 

V 

Since the experiments of Beutner, Caplan, and Loehr® indicate that at least 
some collodions do not show simple, true base exchange, each preparation was 
studied not only with an electrolyte solution but also with distilled water. 

The electrolyte chosen was 0.5 m potassium chloride after we had established the 
fact that the electrolyte concentration is rather unimportant, provided it is not too 
low. All water used was double distilled and reasonably free from carbon dioxide 
(pH > 6.5). The salt solutions used in all our experiments showed pH values from 
6.5 to 7 before the experiment, as measured with a Leeds and Northrup glass elec- 
trode. 

All experiments were carried out in Pyrex Erlenmcyer flasks with glass stoppers 
which were properly steamed and aged before use. Water and potassium chloride 


We are greatly indebted to the Monsanto Chemical Company for these samples, 
particularly to Mr, H. K. Nason, Assistant Director of Research, to whom we would 
also like to express our special thanks for very valuable information on crude nitro- 
cellulose. 

Since we have a large sample of crude water-wet nitrocellulose on hand, we shall 
be glad to place samples of this material at the disposal of other interested investi- 
gators as long as our supply remains. 
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solutions kept in them for several da3rs did not show any detectable change in pH 
(6.5 to 7 before and 6.5 to 7 after). 

The titration values given in Tables I and II are milliliters of 0.01 n sodium 
hydroxide solution per gram of dry collodion. The titrations were carried out 
with a microburette, phenol red being used as indicator. The accuracy is 
about 0.03 ml. 0.01 m sodium hydroxide solution. The pH determinations 
may be assumed to be accurate to better than 0.1 unit. 

VI 

As indicated above, the influence of the time factor on the base exchange 
must be known. Table I gives titration and pH values obtained with two 
“active’’ collodion preparations at several reaction times. 

Oxidized collodion was prepared by treating n.s.p. Baker Collodion Cotton with 
“molar” sodium hypobromite solution for 24 hours, as described above, followed 
by thorough washing. The “crude nitrocellulose” was prepared from sample “B” 
by removal of excess free sulfuric acid by boiling with water for several hours. Both 
samples were precipitated as described above. 

9 gm. of dry collodion were added to 300 ml. of water and potassium chloride 
solution. These samples were shaken for several minutes by hand and allowed to 
react further under occasional shaking. 10 ml. samples of the clear supernatant 
fluid were removed after measured periods and their pH determined with the glass 
electrode. The samples were then titrated with sodium hydroxide solution. 

Table I shows that base exchange with precipitated collodion is a rather slow 
process. Inaccessible inner surfaces or diffusion processes in and out of the 
solid material, or both, obviously play an important rOle. A material with 
an open structure, particularly if in a finely divided state, as is the case with 
our precipitated fibers, should reach base exchange equilibrium within very 
short periods. 

An appreciable difference between the two preparations investigated is 
apparent. The precipitated crude collodion obviously has a more open struc- 
ture than the precipitated oxidized collodion. The latter >thouyh it eventually 
yields a greater base exchange, required about 6 hours to exchange to the 
same extent as the crude nitrocellulose in 15 minutes. The microscopic differ- 
ences between the two preparations were too small to account for this differ- 
ence. We are thus forced to conclude that the precipitated fibers have a some- 
what different submicroscopic structure which obviously must result from 
molecular differences. 

Table I also shows that the two tested collodion preparations fulfill, at least 
very closely, the first of the conditions necessary for true base exchange, namely, 
no reaction with water, which could be considered to be of real significance. 
The probable meaning of the slight shift of pH in the water will be discussed 
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briefly below. There we will also see that the other necessary condition for 
true base exchange is also fulfilled, namely, agreement between the addily 
values as found with our two independent methods, titration and electro- 
metric pH determination. 

Following the example of Beutner, Caplan, and Loehr,* we arbitrarily chose 
2 days as the standard reaction time for our further experiments, though 

TABLE I 

The Influence of the Time of Reaction on the Base Exchange of Active Collodion Preparations 


A. Oxidized collodion 


Time of reaction 

Ml. 0.01 N NaOH per gm. dry collodion 
on treatment with 

pH values on treatment with 

0.5 M KCl 

Water 

0.5 If KCl 

Water 

15 min. 

0.00 

0.00 

5.6 

6.6 

Ihr. 

0.00 

0.00 

5.3 

6.6 

6 hrs. 

0.05 

0.00 

4.8 

6.6 

24 hrs. 

0.13 

0.00 

4.5 

6.3 

2 days 

0.29 

0.00 

4.1 

6.3 

1 wk. 

0.54 

0.00 

3.9 

5.9 

2 wks. 

0.57 

0.00 

3.9 

5.9 

5 wks. 

0.56 

0.00 

3.9 

5.6 


B. Crude collodion 


15 min. 

0.05 

0.00 

4.8 

6.7 

Ihr. 

0.13 

0.00 

4.5 

6.7 

6 hrs. 

0.20 

0.00 

4.3 

6.4 

24 hrs. 

0.27 

0.00 

4.2 

6.4 

2 days 

0.30 

0.00 

4.1 

6.3 

1 wk. 

0.35 

0.00 

4.1 

6.0 

2 wks. 

0.39 

0.00 

4.1 

5.8 

5 wks. 

0.39 

0.00 

4.1 

6.4 


much could be said in favor of a shorter time. However, the selection of the 
2 day period is bound to bring out more clearly the differences between the 
active and inactive preparations. It has the further advantage of increasing 
the absolute effects, thus rendering them easier to determine. 

The arbitrary choice of the reaction time, whatever its length may be, neces- 
sitates a brief discussion concerning the exact meaning of the experimental data. 
We measure the actual base exchange which takes place during the standard 
time. Table I indicates— -and this is of importance — that our measurements 
listed in Table II give values much greater than those which in all probability 
correspond to the dissociable groups which cause the characteristic electro- 
chemical behavior of membranes. The latter, as we may repeat here, appears 
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nearly instantaneously on contact with electrolyte solutions. All the values, 
therefore, obtained with our standard method are decidedly higher than those 
which should be correlated to the electrochemical activity of collodion. We 
will have to consider the consequence of this fact later. 

It may be noted that repeated renewal ol the electrolyte solution does not 
alter the measured base exchange in a given period of time, as compared with 
that obtained when the collodion is in contact with the same solution over the 
whole period. 


vn 

In Table II are listed the base exchange and activity data obtained with 
some representative collodion preparations of different origin and different 
pretreatment. In all cases, unless indicated otherwise, precipitated fibers 
were used. 

50 ml. of water or 0.5 m potassium chloride solution were added to 1.5 gm. of 
dry collodion in 125 ml. Pyrex Erlenmeyer flasks. In the case of the wet prepara- 
tions, an amount of collodion corresponding to 1.5 gm. of dry material was taken. 
The samples were shaken for several minutes and allowed to react for 48 hours with 
occasional shaking. After this, 10 ml. samples of the supernatant, clear, fiber-free 
liquid were titrated; in another sample, the pH was determined with a glass elec- 
trode. Column 2 of Table II gives the brand and pretreatment — if any — of the 
studied collodion preparations. In the cases of “Celloidin Schering-Kahlbaum cut 
in cubes” (No. 7 a and 7 b ) — ^following the procedure of Beutner, Caplan, and Loehr — 
the stiff (about 20 per cent) commercial Celloidin alco-gel was cut in smaD cubes 
(about 4X4X3 mm.) and treated exactly as the other (fibrous) preparations. 
Here too, the listed values are per gram of dry substance. 

In columns 3 and 4 are listed the ash and sulfate content of our preparations, 
determined as described previously.^ 

Columns 5 and 6 indicate the milliliters of 0.01 n NaOH solution used per gram 
of dry collodion after 48 hours contact with 0.5 m KCl solution and with water re- 
spectively. 

Columns 7 and 8 show the pH values (as determined with a glass electrode) of 
the KCl solution and water after 48 hours contact with collodion. Whether or not 
any conclusions can be drawn from the experimentally measured pH values which 
lie between 5.3 and 7 will be discussed below. 

Columns 9 and 10 give the pH values calculated from the titration values of col- 
umns 5 and 6 under the assumption that the NaOH used has neutralized HCl in 
an unbuffered system. 

On account of the experimental limitations of our titrations, titration values of 
0.00 ml. 0.01 M sodium hydroxide correspond in our table to calculated pH values 
which may lie anywhere between 5 and 7. Therefore, the calculated pH values 
in columns 9 and 10 are given in all these cases as >5 to indicate the limitations of 
our volumetric experiments. 

Columns 1 1 and 12 indicate the electrochemical activity of the different collodion 
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preparations. Bag-shaped membranes were prepared as described previously.^-* 
rhe same method of characterization was used as in preceding papers.*** The mem- 
branes tested were as far as possible of the same porosity, as indicated by their be- 
havior when tested with sucrose solution. The figures in colunm 11 indicate the 
millimeter pressure rise observed 20 minutes after the membranes filled with 0.25 m 
sucrose solution were placed in distilled water. Column 12 gives the anomalous 

osmotic rise in millimeters of water obtained after 20 minutes with potassium 

sulfate solution. As shown previously, *** the rate of this rise is a rather sensitive 
indicator of the electrochemical activity of collodion. 

vm 

Before discussing the main results of Table II, it is necessary to clarify 
some technical points. First, we may consider the question of the importance 
of the ash and sulfate content of our collodion preparations. As was pointed 
out above, there is no indication that the ash and sulfate content should ap- 
preciably influence the base exchange (and activity) of collodion. This view 
is substantiated by a close inspection and comparison of the data of columns 
3 and 4, 5 and 6, 7 and 8, (and 12) of Table II; particular attention should be 
paid to the data referring to the genetically related samples 7, 7 a, 8, and 9; 
10 and 10 J; 11 to 14. High ash and sulfate content is compatible with zero 
base exchange and high pH values (see particularly cases 6, 8, 9, 10, and 14). 
In the process of precipitation the surfaces of collodion have obviously been 
freed thoroughly from soluble impurities by their contact with water, though 
some of the sulfate may be present in an insoluble combined form. The bulk 
of the sulfate and ash found by analysis is obviously so thoroughly enclosed in 
the fibers that no significant amount is able to diffuse out within short periods. 
These impurities, therefore, can be disregarded completely for our further 
discussion. 

The fact that drying does not seem to affect the base exchange properties of 
our precipitated fibers can be concluded from a comparison of cases 10 and 10a, 
12 and 12a. 

Case 105, crude collodion in the state of native fibers (nitrated cotton) whicli 
was obtained in the alcohol wet state, is quoted to give an idea of the character- 
istics of such preparations. 

Let us next consider the data obtained with the same material as that used by 
Beutner, Caplan, and Loehr® — “Celloidin.” Cases 7 a and 7 5 are as accurate 
repetitions as possible of the experiments of these authors. The results listed 
in columns 5 to 8 are in complete agreement with theirs. We want to empha- 
si:^ here again that some substance or substances which neutralize sodium 
hydroxide on titration obviously were dissolved in the water. Therefore, we 
are not dealing with a simple base exchange. This conclusion can also be 
derived from the fact that there is a large discrepancy between the experi- 
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mentally found pH values and those calculated from the titration data. For 
the “base exchange” with water, such a calculation is, of course, absolutely 
fictitious. The pH values indicate that the dissolved substances were either 
very weakly acid or contained some acidic component. In the case of the 
“base exchange” with potassium chloride solution the situation is substan- 
tially the same, though it may be that some (though very small) true base ex- 
change occurred. A pH of 4.S corresponds in our experiments to a titration 
value of only about 0.1 ml. 0.01 m sodium hydroxide. As we are dealing with 
acidic impurities, a buffering action upon the hydrochloric acid which may have 
been developed by true base exchange seems to be ruled out. Here again we 
are dealing mainly if not exclusively with some process of dissolution. 

The nature of the soluble substances is without particular interest here, but 
this much must be said. It is known that inadequately purified nitrocellulose 
(“Celloidin” comes into this class^*^) not only contains water-soluble material 
which normally is removed by purification, but also decomposes spontaneously 
in course of time^^ as shown on a large scale by Silberrad and Farmer.^* Ni- 
trous compounds are formed in such preparations. They act upon the nitro- 
cellulose forming many kinds of lower molecular weight substances mostly of 
an acidic nature. Moreover, they obviously render a fraction of the nitro- 
cellulose water-soluble. These water-soluble compounds probably account 
for a very great part of the high titration values with sodium hydroxide solu- 
tion. It is known that alkalies do not react in a straightforward manner with 
many “nitro” compounds such as nitric acid esters, but destroy them in an 
oxidative manner with the formation of nitrites,*' etc. 1 gm. of nitrocellulose 
in contact with an excess of sodium hydroxide uses a quantity which corre- 
sponds to more than 1000 ml. of 0.01 n hydroxide solution. Thus a very small 
amount of dissolved nitro-compound may use up large quantities of hydroxide 
solution. 

Here the question arises as to how far the behavior of the “Celloidin” gel cut 
in cubes is paralleled by the base exchange properties of material prepared from 
solutions of this preparation, as membranes would necessarily be. Case 7 of 

Such spontaneous decomposition of “Celloidin” accounts'^also for the inability 
of Michaelis and collaborators (Green, A. A., Weech, A. A., and Michaelis, L., J. Gen. 
Physiol., 1929, 12, 473) to produce highly dried collodion membranes having a con- 
stant electrical conductivity, as suggested already by the above authors. One can 
expect that membranes prepared from better stabilized collodion would not present 
the same difhculties. 

Silberrad, O., and Farmer, R. C., J. Chem. Soc., London, 1906, 89, 1182. For 
further references, see particularly Schwalbe, C. G., Die Chemie der Cellulose, Berlin, 
Bomtraeger, 1910-11 and 1918, 289. 

Will, W., Ber. chem. Ges., 1891, 24, 400; Silberrad, O., and Fanner, R. C., J. 
Chem. Soc., London, 1906, 89, 1759. For further references, see particularly Schwalbe, 
C. G., Die Chemie der Cellulose, Berlin, Bomtraeger, 1910-11 and 1918, 293. 
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TABLE n 


Base Exchange and Activity cf Various Collodion Preparations 


1 

2 

1 * 

4 

1 * 

6 

7 

8 

9 

10 

11 

12 

Brand of collodion and pretreatment 

(All preparations were precipitated 
from ether-alcohol solutions and dried, 
unless stated otherwise) 

Ash andSOt 
content 

Base exchange data 

Electrochemical 

activity 

ICG. ash per gm. dry 
collodion 

UG. SO« per gm. dry 
collodion 

Ml. 0.01 N 
NttOH per 
gm. dry 
collodion 
on treatment 
with 

pH values 
found 
experimen- 
tally on 
treatment 
with 

pH values calcu- 
lated from 
titration values 
of columns 

5 and 6 

Osmotic rise with 0.25 
If sucrose 


0.5 ic 
KCl 

Water 

0.5 M 
KCl 

Water 

0.5 K 
KCl 

Water 











mm. 

mm. 

I 

Mallinckrodt 'Tarlodion/* commercial 

0.16 

• 0.04 

0.00 

0.00 

5.4 

6.2 

>5 

>5 

115 

40 


preparation 









124 

43 











130 

35 

2 

1 Mallinckrodt ‘‘Parlodion/* boiled 15 

Very 

Very 

0.00 

0.00 

5.9 

5.9 

>5 

>5 

106 

15 


hrs. in alcohol 

low 

low 







128 

16 











1 136 

28 

3 

Merck collodion u.s.r.. commercial 

0.25 

0.2 

0.00 

0.00 

5.6 

5.8 

>5 

>5 

116 

48 


preparation 









125 

46 











138 

57 

4 

Baker collodion u.s.p., commercial 

0.45 

0.2 

0.00 

0.00 

5.3 

5.9 

>5 

>5 

126 

50 


preparation 









128 

32 











130 

47 

5 

Schering-Kahlbaum collodion ^'zur 

1.3 

0.9 

0.13 

0.06 

5.1 

5.7 

4.4 

4.7 

118 

98 


Herstellung von Membranen," com- 









122 

89 


mercial preparation 









130 

104 

6 

Schering-Kahlbaum collodion “zur 

1.0 

0.4 

0.00 

0.00 

5.4 

6.5 

>5 

>5 

118 

95 


Herstellimg von Membranen,’* boiled 









126 

102 


8 hrs. in 60 per cent acetic acid 









152 

134 

7 

Schering-Kahlbaum ‘‘Celloidin'* “for 

3.6 

2.0 

0.06 

0.00 

5.2 

5.8 

4.7 

5 

[no 

[l90 


general use," commercial preparation 



0.27 

0.00 

5.1 

5.8 

4.1 

5 

•jl20 

•{l80 











[126 

[228 

la 

Same as No. 7, but not precipitated, the 

3.6 

\ 2.0 

3.74 

1.89 

4.7 

5.0 

2.95(1) 

3.2(1) 




commercial gel cut in cubes 











n 

Similar to No. 7a, but aged several 



1.05 

1.26 

4.5 

4.5 

3.5(1) 

3.4(1) 




months in the laboratory 











s 

Schering-Kahlbaum “Celloidin" “for 

1.2 

0.9 

0.00 

0.00 

5.1 

6.3 

>5 

>5 

116 

132 


general use," boiled 3 hrs. in 60 per 









128 

135 


cent acetic acid 









136 

150 

9 

Schering-Kahlbaum “Celloidin" “for 

1.0 

0.4 

0.00 

0.00 

5.2 

6.5 

>5 

>5 

131 

143 


general use," boiled 6 hrs. in 60 per 









138 

138 


cent acetic acid 









145 

156 


Table II shows the behavior of “Celloidin” after precipitation from ether- 
alcohol solution in water. There is no “base exchange” with water while with 
the potassium chloride solution, there is some appreciable reaction. Obviously, 
most of the soluble and reactive material is removed from the surfaces of the 
precipitated fibers in the very process of precipitation; no appreciable diffusion 
of^uch material from the interior of the fibers takes place, though the salt 
solution is obviously able to peptize some material (which reacts on titration 
with sodium hydroxide) as indicated by the discrepancy between the values in 
columns 7 and 9. 

The large differences in the “base exchange” properties of “Celloidin” gel 
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TABLE n—Conduded 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

“ 1 

12 

10 

Crude colloidion cotton sample A (which 

1.1 

0.8 

0.00 

0.00 

5.7 

5.8 

>5 

>5 1 

ns 



wai obtained washed with alcohol) 









VBm 

K160 











ima 


10a 

Crude collodion cotton sample A, not 



0.00 

0.00 

5.6 

5.9 

>5 

>5 




dried after precipitation 









■ 


10& 

Crude collodion cotton sample A in the 

2.3 

2.8 

1.40 

1.27 

3.5 

3.6 

3.4 

3.4 




original fibrous state, (not precipi- 



2.02 

1.40 

3.3 

3.5 

3.2 

3.4 

■ 



tatcd)* 











11 

Crude collodion cotton sample B* 

1.0 

3.4 

0.67 

0.00 

3.9 

5.0 

3.7 

>5 

122 

146 











136 

150 











154 

182 

12 

Crude collodion cotton sample B, boiled 

^0.5 

1 0.7 

0.26 

0.00 

4.1 

5.6 

4.1 

>5 

120 

126 


3 times 3 hrs. each with water 









128 

133 











135 

147 

12a 

Same as No. 12, but not dried after pre- 



0.23 

0.00 

4.1 

5.8 

4.1 

>5 




cipitation 











13 

Crude collodion cotton sample B, 

1.0 

1.4 

0.06 

0.00 

4.7 

6.1 

4.7 

>5 

120 

146 


washed 6 times with 95 per cent alco- 









136 

152 


hol and boiled 3 times 30 min. each 




• 





142 

180 


with water 











14 

Crude collodion cotton sample B, 

1.6 

1.0 

0.00 

0.00 

5.8 

6.6 

>5 

>5 

112 

133 


boiled 7 hrs. with 70 per cent alcohol 









136 

148 


(2 alcohol changes) 









140 

154 

15 

Oxidized collodion; (Baker collodion 

0.3 

<0.2 

0.27 

0.00 

4.2 

6.4 

4.1 

>5 

118 

130 


cotton, “Pyroxilin*') oxidized 24 hrs. 









130 

142 


with 1 u NaOBr 









137 

148 

16 

Oxidized collodion (No. 15), washed 8 

<0.3 

<0.2 

0.13 

0.00 

4.5 

6.2 

4.4 

>5 

124 

120 


times with 95 per cent alcohol 









127 

122 











132 

130 

17 

Oxidized collodion (No. 15), washed 16 

<0.3 

<0.2 

0.00 

0.00 

5.0 

6.7 

>5 

>5 

132 

119 


times with 95 per cent alcohol 









137 

128 











140 

131 

18 

Oxidized collodion (No. 15), washed 

<0.3 

<0.2 

0.00 

0.00 

5.3 

6.5 

>5 

>5 

120 

92 


25 times with 95 per cent alcohol 









125 

104 











139 

118 


* This ptepaiation contains much free sulfuric acid. 


and fibers prepared from the same material make it improper to transfer data 
obtained with the former to the problem of the electrochemical behavior of 
membranes. 

Precipitated Schering-Kahlbaum Collodion “zur HersteUung von Mem- 
branen” (case 5 in Table II) gives off small quantities of soluble mterial even 
into water, but is otherwise similar to the precipitated “Celloidin” (case »). 
Like Schering-Kahlbaum “Celloidin”, Schering-Kahlbaum Collodion "zur 
HersteUung von Membranen” was also classified in previous reports*- * as a 
poorly purified product. 


IX 

It is obvious that the collodion preparations mentioned in the preceding para- 
graphs are unsuitable for our purpose, namely, the study of the true base ex- 
change properties. Only preparations which give zero titration values with 
water, and in addition, a reasonably good agreement between the experi- 
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mentally found pH values of column 7 and the calculated values of column 9 
are suitable for this purpose. Approximate agreement between the two assures 
one that true base exchange occurs, though some other factor (solubility) may 
make itself felt to some extent. Fortunately, proper purification yields 
products of the desired properties. 

Agreement ordinarily within the limits of our experimental (titration) error 
exists in cases of the precipitated preparations, 1, 2, 4, 6, 8, 9, 10, 11, 12, 13, 

14, and IS to 18. None of these preparations, it may be noted, shows a reac- 
tion with water sufficiently large to be detected by titration. Cases 11, 12, 13, 

15, and 16, precipitated crude collodion and precipitated oxidized collodion, 
show measurable base exchange values. In all the other cases, (1, 2, 3, 4, 6, 
8, 9, 10, 14, 17, 18), the base exchange is too low to be measurable by titration 
(i.«., less than 0.03 ml.), and correspondingly, the pH values are greater than S. 

Focusing our attention now entirely on the cases mentioned in the preceding 
paragraph, we may finally turn toward our main objective, namely, the possible 
correlation of base exchange properties and electrochemical activity (as ex- 
emplified by the data on anomalous osmosis — column 12 of Table II) of the 
different samples of precipitated collodion. 

If we take the titration values as the measure of the base exchange we find 
(1) cases which combine ‘‘zero’’ base exchange with low electrochemical activ- 
ity, No. 1, 2, 3, and 4; (2) cases which combine measurable base exchange with 
great activity, No. 11, 12, 13, 15, and 16; (3) cases which combine “zero” base 
exchange with great activity, No. 6, 8, 9, 10, 14, 17, and 18. 

As yet, we have not found a case combining chemically measurable base 
exchange with low activity. 

It is particularly interesting to compare the genetically related samples: 
5 with 6; 7 with 8 and 9; 11 and 12 with 13 and 14; 15 with 16 and 17 and 
18. The relatively small, sometimes hardly significant changes in activity 
are somewhat in contrast with the large differences in base exchange. 

The general result of Table II can thus be summarized by saying that no regular 
correlation exists between chemically measurable base exchange capacity and 
electrochemical activity. 

Low as well as high activity can be associated with a base exchange capacity 
too low to be measurable by titration. High, i.e., measurable base exchange 
capacity always seems to be correlated with high electrochemical activity. 

If we turn our attention now to the correlation between pH values and 
electrochemical activity, we arrive at exactly the same classification as before 
if we arbitrarily take pH 5 as a demarcation line. This, of course, is simply a 
necessary consequence of the fact that in all the cases which are considered 
her^, a reasonable quantitative agreement exists between pH and base exchange 
data. 

But now the question arises as to how far pH values greater than 5 may be 
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used as a basis for more far-reaching conclusions. It is not possible to answer 
this question without discussing some possible errors and the limitations of the 
method. Small pH changes near the neutral point, of course, mean very little 
if taken singly; but consistently analogous data when taken as a whole may 
have considerable weight and may be used for certain limited conclusions. 

If our collodion preparations were perfectly inert substances, water in contact 
with them should not undergo a change in pH. However, this is not the case. 
The pH on treatment with water varied between 5.7 and 6.7 for the different 
samples tested.^® It is somewhat paradoxical that some of the ^'inactive” pure 
commercial preparations caused a greater shift in pH than most of the purified 
“active” samples. This is easily understood, however, on the basis of the fact 
that even very pure collodion is not absolutely stable. The “inactive” prep- 
arations had stood for some time before use and thus contained more soluble 
acidic impurities than the recently purified “active” preparations. This 
agrees also with the fact that some experiments, not listed in the tables, demon- 
strate that our specially purified products cause a greater shift in pH if not 
used in the freshly prepared state.^® 

Since solubility effects may change the pH even in pure water from neutrality 
(pH 6.5 to 7) to a pH of 5.7, we are inclined to believe that such effects are 
appreciably stronger in salt solutions as the latter may have some peptizing 
effect. Without a special and thorough investigation of each individual case, 
it is impossible to say with accuracy how great a fraction of the pH change 
observed in potassium chloride solution must be attributed to true base ex- 
change and how large a proportion to solubility. In some cases, e.g., in the 
not specially purified samples 1 and 4, the latter fraction is probably rather 
large. In cases 8, 17, and 18, on the other hand, true base exchange is most 
likely the prevailing factor, as can be concluded from a comparison with the 
respective genetically related samples. 

No matter what limiting value we assume for the significance of the pH 
measurements in the potassium chloride solutions, i.e., whether 5.3 or 5.6, 
the main result of our investigation remains quite the same, though one or two 
cases (No. 1 and No. 4) would now be listed under a foiqrth heading, namely, 
cases which combine base exchange measurable by physical means with low' 
electrochemical activity. Wilh the present methods, no regular correlation can 
be found empirically between base exchange capacity as determined by physical 
methods and electrochemical activity. 

Here we must disregard case 11 which is obviously influenced by its high con- 
tent of free sulfuric acid, traces of which diffuse into the water during the long — 
48 hours — contact time. 

We have gained the impression that extremely well purified collodion prepara- 
tions also show a slight increase in activity when stored for prolonged periods; this 
is obviously likewise due to a slow decomposition and oxidation. 
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From the point of view of a membrane investigation, a more thorough study 
of the factors mentioned in the last few paragraphs would become a pertinent 
problem only after it has been shown that such a study could contribute ma- 
terially to our fundamental knowledge of membrane structure. A more 
detailed discussion of any possible quantitative correlation of base exchange 
capacity and electrochemical activity would necessarily have to wait for much 
more accurate data. But for the reasons discussed above, it may be very 
difficult, perhaps impossible, to obtain such data with collodion. However, 
at this point, the following statement can be made with certainty: The base 
exchange capacity which is necessary to cause even great electrochemical activity of 
collodion is very small, just at the borderline of usefulness of the present experi- 
mental technique, more probably even beyond it. 

We have arrived at this result without taking into account the time effect 
(Table I). Here we must remember that the electrochemical properties of 
collodion membranes are apparent nearly instantaneously on contact with 
electrolyte solutions. This means that the electrochemical behavior of mem- 
branes obviously is determined by those ionizable groups which lie exposed in 
the water-solution interface in the pores. It therefore would be preferable in a 
more thorough discussion of the correlation of electrochemical activity and base 
exchange to consider the base exchanges after short periods. Thus, the base 
exchanges which should be taken as the basis for any discussion are actually 
much smaller than the values of Table II, which refer to the exchange situation 
in fibrous collodion after 48 hours.^^ Therefore, the italicized statement made 
above concerning the magnitude of the base exchange which is necessary to 
produce great electrochemical activity is true in an even more pointed manner. 
The base exchange which corresponds to the true physical cause of the electrochemical 
activity of collodion is much too small to be determined with the available methods. 
Considering the instability of collodion, we doubt whether even a great im- 
provement in technique could lead with this material to significant results. 

In spite of this somewhat puzzling result reached in the last paragraph, there 
is no escape from the conclusion reached previously^’ * that dissociable groups 
built into the collodion cause its electrochemical activity. Preferential ion 
adsorption was shown to be ruled out as a major factor, at least in solutions of 
strong, weakly adsorbable ions. Such an assumption could never explain the 
differences in electrochemical activity which are observed with different col- 
lodion preparations. 

A visualization of the true situation can obviously be found in the direction 

On the basis of these considerations, one might expect that membranes pre- 
pared from the crude collodion (referred to in Table I b) would have at least not a 
lowdr electrochemical activity than those prepared from the oxidized collodion 
(Table la). This is actually the case as can be seen from No. 12 and No. 15, columns 
11 and 12 in Table II, which refer to the same preparations as Table la and lb. 
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of the following reasoning: measurable base exchange disappears earlier on 
purification than the pronounced electrochemical activity. Our methods of 
determining the two are of different sensitivity. The electrochemical proper- 
ties of the collodion, i.e., of the collodion-solution interfaces, are determined by 
a smaller number of ions than can be detected with certainty in the externsil 
solution. By proper and prolonged purification, one can reduce the number 
of dissociable groups contained in collodion to a very low level. Finally even 
the electrochemical activity disappears nearly entirely, as can be seen from the 
low “activity” of highly purified collodion. Cases 1, 3, and 4 rder to commer- 
cial collodion preparations. No. 1 (Mallinckrodt “Parlodion”), which is 
manufactured for greatest purity, is the purest and least active among all the 
many commercially available preparations we have tested. Case 2 is of partic- 
ular interest since it shows that even this specially purified material loses 
activity when further purified. For this, fibrous Mallinckrodt “Parlodion” 
was boiled for 15 hours with 90 per cent alcohol (about 18 gm. of material per 
liter alcohol); the latter was changed twice to remove more thoroughly the 
soluble material. There is no reason to believe that even the very low residual 
activity of the purified “Parlodion” could not be reduced further by proper 
methods. Any activity above this level is therefore due to impurities foreign 
to the ideal nitrocellulose. In fact, we can be certain that the true reference 
point of activity, which is caused by the presence of dissociable impurities, 
lies considerably below the level obtained with the purified “Parlodion.” We 
may even venture to speculate that pure ideal nitrocellulose should be nearly 
completely void of any distinct electrochemical properties when immersed in 
pure water or aqueous solutions of strong inorganic electrolytes. Of course, 
at this low level of electrochemical activity, preferential ion adsorption could 
become an important factor even with weakly adsorbable electrolytes. 

X 

The bearing of the results of our base exchange studies upon the general 
problem of electrochemical membrane behavior is obvious, at least in a quali- 
tative way. ^ 

It seems difficult to reconcile our results with the homogeneous phase theor>' 
on account of the extremely small concentration of active groups, which in some 
way or the other, obviously determine the electrochemical behavior of mem- 
branes. On the other hand, the pore theory too seems to run into great diffi- 
culties, at least when assuming more or less uniform, prismatic pores, as is 
tacitly assumed in the proposed mathematical theories. We should like to 
indicate briefly a line of reasoning which may overcome these difficulties, 
namely, the assumption of a geometrical-structural irregularity, such as must 
necessarily be assumed, a priori^ for a microheterogeneous system such ks the 
collodion membrane. If we think of pores not as uniform prismatical channels 
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but as random sequences of narrow constrictions and wide cavities, it is imme- 
diately evident that the narrowest constriction in each possible channel deter- 
mines the permeability of the latter. A single charge at a point of constriction 
could easily determine the electrochemical behavior of the whole pore. Thus 
a very small number of dissociable groups in a membrane, less than that con- 
tained in a monomolecular film of equal dimensions, could, if properly distrib- 
uted, determine the electrochemical behavior even of voluminous structures. 
It would be interesting to follow up some consequences of this general concept 
and of its implications when applied to biological systems. It likewise would 
be attractive to compare these ideas with certain theories of membrane struc- 
ture and membrane behavior which are based on somewhat opposite assump- 
tions.^* 

However, we prefer to postpone a more detailed discussion of these points 
to a later date, until certain studies dealing with the uptake of liquid from 
water and electrolyte solutions by dried collodion membranes and with their 
swelling will, it is anticipated, contribute data which may allow us to discuss 
profitably on an experimental basis the controversial problem of continuous 
phase theory versus pore theory. The true situation seems to be less simple 
than assumed by either theory. The above mentioned controversy obviously 
must be settled at least to some extent before an attempt is made to deal with 
a quantitative membrane theory. A quantitative test of certain aspects of 
the outstanding examples of an electrochemical membrane theory based on a 
correlation of concentration potential measurements and base exchange studies 
on membranes is now being carried out. Using the methods (and prepara- 
tions) described in this paper, it will show clearly the quantitative significance 
of base exchange studies for the problem of electrochemical membrane be- 
havior. 


SUMMARY 

1. Theoretical considerations lead to the conclusion that dissociable acidic 
groups present to a varying extent in different collodion preparations determine 
the electrochemical behavior of membranes cast from these preparations. It 
is further reasoned that the base exchange capacity of the collodion surfaces is 
the true quantitative measure of the abundance of the dissociable groups. 

2. The concept of base exchange capacity and the base exchange method are 
discussed. The conditions which allow a purposeful application of the latter 
are stated. 

3. The base exchange properties of a number of fibrous collodion prepara- 
tions of different origins and after various types of treatment, having widely 
V2frying electrochemical activities, are determined. 

^*See, e.g,, Manegold, £., KoUoid-Z,, 1932, 61| 140; and many other papers by 
the same author in the KoUoid-Zeitschrift, 
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4. With the chemical (titration) and physical (electrometric) methods em- 
ployed, no regular correlation can be found between electrochemical activity 
and base exchange. The base exchange capacity which is necessary to cause 
even great electrochemical activity of collodion is extremely small. 

5. Measurable to high base exchange capacity always seems to be associated 
with good or high electrochemical activity; but base exchange capacity too low 
to be definitely measurable with the available methods may be found with 
collodion preparations of high as well as with preparations of low electro- 
chemical activity. 

6. The bearing of these results upon the problem of the spatial and electrical 
structure of the collodion membrane is indicated briefly. 
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INTRODUCTION 

The effects of ultraviolet light, applied for considerable periods of time on 
a wide variety of cells and tissues, are well known.^ The action is often 
spoken of as stimulation, since definite changes (the response) appear in the 
cells, just as we speak of stimulation of the skin by light when bronzing occurs, 
or of stimulation of tlie retina when impulses appear in the optic nerve. 

The question arises as to whether stimulation by ultraviolet light is similar 
to the stimulation of a muscle or nerve, since it lacks some of the fundamental 
characteristics of stimulus reactions. It is not usually applied in a sudden 
intense dose and the response is not of an all-or-none character. With ultra- 
violet irradiation there is a definite relation between dosage and effect, which 
is frequently irreversible. 

It is usual to think of a stimulus reaction as presenting the following well 
known characteristics: (1) Many kinds of sudden stimuli should evoke a 
reversible response which depends on the cell stimulated. (2) There should 
be no continuous relation between the energy of the stimulus and that of 
the response, the all-or-none effect, similar to trigger action. (3) An action 
potential should appear, with stimulated region electrically negative to other 
regions. (4) The electrical change should be propagated as a wave of nega- 
tivity and decreased impedance. (5) The effect should b'b asst.‘ciated with a 
refractory period. 

However, the last four of these categories are all phenomena connected 
with the propagation of. the excitation process and need not necessarily ap- 
pear. It is well known that Nitella cells do not in all respects obey the all- 
or-none law (Osterhout, 1936), while the work of Gelfan (1930, 1931, 1934), 

* An abstract of this paper appeared in BioL Bull., 1941, 81, 291. 

^ See Duggar, B. M., Biological effects of radiation, 1936, McGraw-Hill, 1936, and 
Laurens, H., Physiological effects of radiations. New York, The Chemical Catalog 
Co., Inc., 1933. 
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Gelfan and Gerard (1930), Gelfan and Bishop (1932), Pratt (1930), Brown 
and Sichel (1936), Steiman (1937), and Ramsey and Street (1938) has shown 
that a single muscle fiber can respond in a graded manner to electrical stimuli 
of varying intensity. The graded response appears only under special con- 
ditions such as pore electrodes for stimulation, increased K in the medium, 
if muscle ends are cut or the muscles fatigued. No action potential appears 
and there is no propagated impulse. The time constants of this response are 
essentially the same as when a propagated excitation occurs, but there is no 
refractory period (Sichel and Prosser, 1940). Katz (1937), Hodgkins (1938), 
and Schmitt and Schmitt (1940) have also demonstrated subthreshold poten- 
tials in nerve which are graded and not propagated. 

The word stimulation is so widely used for any kind of changed conditions 
resulting in a response that it is of interest to inquire into details of the re- 
sponse to ultraviolet light, particularly whether ultraviolet can ever act in 
the same sense as do electrical or mechanical stimuli in the excitation of a 
local change or a propagated disturbance. 

The recent development of a sudden intense source of ultraviolet light by 
Rentschler has made it possible to test this type of stimulus. The brief but 
intense dosage, which for convenience can be called a flash, is sufficient to 
kill small organisms. 

Rentschler, Nagy, and Mouromself (1941) have found that the reciprocity 
law holds for ultraviolet killing of bacteria when the time is varied from a 
few microseconds (the duration of a flash) to several hours and Rentschler 
and Giese (1941) believe the same to hold for Paramecium. These animals 
are killed instantly by a flash with almost immediate bleb formation (vesicula- 
tion) and cytolysis (Fig. 1, A and B). Moreover, reducing the intensity of 
a flash reduces the injurious effect of the ultraviolet and produces a sequence 
of changes quite comparable to those observed with longer exposures to a 
source of constant low intensity. 

The present investigation was undertaken to determine whether such a 
sudden intense dose of ultraviolet will cause contraction in muscle, conduc- 
tion in nerve, and affect protoplasmic rotation, ameboid movement, oscillatory 
and ciliary movement, myonemes, and bioluminescence. Lethal changes in 
a number of small organisms have also been observed. 

Method 

The outfit^ for high intensity ultraviolet dosage is a quartz sterilamp through which 
is suddenly discharged a condenser at high voltage by the breakdown of an air spark 
gap in series with the lamp, as shown in Text-fig. 1. The condensers had a capacity 

* I am deeply indebted to Dr. H. C. Rentschler, Director of the Research Labora- 
tory, Westinghouse Lamp Works, Bloomfield, New Jersey, for the loan of his 
apparatus. 
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(C) of 3.3 microfarads and the spark gap was usually set at 6.1 mm., equivalent to 
21,000 volts. The electrical energy, 0.5 CV*, is 728 joules. Lower voltages with less 
intense flashes are obtained by setting the spark gap closer. The relation is given in 
Text-fig. 2. 

Spectra’* of the discharge are reproduced in Fig. 1 and can be compared with the 
same lamp run on 60 cycle, 3,000 volt A.C., where the 2537 line is the effective ultra- 
violet radiation. It will be observed that the flash is very intense and almost con- 
tinuous in the visible and near ultraviolet, that it presents many lines in the far 
ultraviolet but completely lacks 2537. The plates were not very sensitive to radiation 
below 2200 although there is considerable of this in the flash. In addition a number 
of lines are reversed, particularly at 2880 and in the region 2520. As the voltage of 
the discharge is reduced, there is less of a continuous spectrum but many widely 
separati d lines appear, including those of the sterilamp. The figure also shows the 


3(i000 n 



Spopk gap (nil) 


Text-Fig. 1 Text-Fig. 2 

Text-Fig. 1. Diagram of connections for high intensity flash of ultraviolet light. 
Text-Fig. 2. Relation between voltage and spark gap. 


absorption of a 0.17 mm. glass cover slip, a 0.99 mm. glass microscope slide, and a 
0.09 mm. cellophane sheet, of the type wet by water and somewhat transparent to 
lethal ultraviolet. The commercial treatment of cellophane to make it waterproof 
increases greatly ultraviolet absorption. 

The quartz tube (1 cm. in diameter) of the sterilamp is bent in a ring (3 cm. outside 
diameter) around the microscope objective and adjusted about 5 mm. from the 
material on the slide, so that the cells or organisms are quite near the intense source 
of ultraviolet light of large area. Frequently a copper mosquito gauze (0.25 mm. diam. 
wire) with squares 1.7 mm. across is placed between the lamp and material. This is 
connected with the microscope and grounded to prevent an electrical field from 
disturbing the cells and organisms. Such a gauze casts no shadow since it is im- 
mediately under a large area of light. It does reduce the intensity somewhat in the 
ratio of the projected wire area to the total area. 

* Dr. A. M. Chase of Princeton University collaborated in taking the ultraviolet 
spectra. A Jobin and Yvon quartz spectrograph kindly loaned by Alfred L. Loomis, 
Tuxedo Park, New York was used. 
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That the screen is effective can be seen from the fact that muscle and nerves are 
stimulated by the pulses of current in the lamp while the condensers are chaiging 
unless the grounded screen is present. Hie screen will also prevent the tearing off of 
a silver sputtered surface, which regularly happens when the minor is near the lamp 
even though it is protected from ultraviolet rays by glass. The effect is probably 
due to eddy currents, which heat the silver to the point of volatilization. 

The proceedure is usually as follows: The cells are mounted in depression slides 
and covered with quartz cover glasses (0.2 to 0.5 mm. thick) taking care to exclude 
air bubbles. It is important to cover the drop of fluid, as the building up of a high 
potential on the lamp induces an opposite charge on the water of the slide, thereby 
lowering the surface tension at the air-water interface according to the well known 
principle that the greater the charge on a curved surface, the less the interfacial 
tension. When the discharge occurs, the sudden increase in surface tension results in 
violent stirring movements of the fluid. These were found to last about 0.06 second 
by taking photographs of animals in the uncovered drop at a rate of 100 per second. 

An experiment is first made, covering the slide with 1.1 mm. of glass and with 
electrical shielding. This will disclose any effect of the visible and near ultraviolet. 
A second experiment with the shield removed will disclose any electrical effects and 
a third with the glass removed, the ultraviolet effects. It is impossible to observe 
what happens during a flash since the blinding light and sound of the spark cause 
involuntary winking, but the observations can be made as soon as the closed eyes 
are opened. 

Muscle and Nerve 

No visible contraction of frog skeletal muscle or stimulation of sciatic nerve 
could be obtained with the highest ultraviolet flash intensity (25,000 volts) 
even though the electrically shielded thigh muscles and exposed nerves were 
very near the lamp or actually hung through the loop of the lamp. It is 
possible that ultraviolet was absorbed by the sheath of the nerve or fascia 
of muscle or that only a few surface fibers were stimulated, whose contraction 
could not visibly move the mass of inert muscle tissue. That this is the case 
is indicated by recent experiments (Harvey and Sichel, 1941) in which single 
muscle fibers or small bundles of muscle fibers were exposed to flashes of ultra- 
violet light and their movement automatically recorded on moving film. The 
fibers do not respond with a twitch but in 50 per cent of the flashes show a 
contracture. These flashes of ultraviolet light, like low intensity ultraviolet 
(Spealman and Blum, 1933), appear to act directly on the contractile sub- 
stance rather than on the excitatory mechanism. The response is quite 
different from that to electrical stimuli. 

Protoplasmic Rotation (Cyclosis) 

The earlier workers {cf. Ewart, 1903) on cyclosis noted that protoplasmic 
rotation would stop if the cells were stimulated mechanically, electrically, 
or in other ways and that a wave of shock stoppage would pass over the cell. 
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They found that electrical stoppage ^owed many phenomena famUr to 
stimulation of musde and nerve, obeying such classical laws as those of DuBois- 
R£ 3 miond and Pfltiger, and giving electrotonus effects. The stopping of cy- 
dosis may be considered analogous to stimulation in other cells. 

NiteUa fragUis is particularly good material to work with, since an action 
potential appears on stimulation shortly preceding the stoppage of cydosis 
(Hdrmann, 1898; Auger, 1931; Frank and Auger, 1932). However, I have 
noted that a Nitdla cell showing no cydosis would give an action potential 
on stimulation. Hill (1941) has recently studied the relation between action 
potential and cydosis and finds that cydosis always stops if an action poten- 
tial appears but that an electrical stimulus too weak to elicit even a local 
action potential can stop streaming. 

The Nitella cells used in this study were obtained from a brook near King- 
ston, N. J., and kept in the laboratory several days to a few weeks at a tem- 
perature of 28®C. Only young cells largely free of encrusted diatoms were 
used. They all showed rapid cydosis but their size (0.25-0.4 mm. diameter, 
3-30 mm. long) is such that ultraviolet light cannot be expected to penetrate 
throughout the cell. Indeed a flash of ultraviolet was frequently observed 
to stop cydosis near the upper surface of the cell where the ultraviolet light 
entered, but not below. The cydosis may also continue in a part of the cell 
under glass, when it has been stopped in that part under quartz. It is al- 
ways necessary to shield the cells from the electric field with grounded copper 
gauze since without the gauze shock stoppage of cydosis often occurs due to 
electrical stimulation. 

When the material was electrically shielded and covered with 1.1 mm. glass 
there was no effect whatever of an intense flash (22,000 volts) but when 0.5 
mm. of quartz covered the cell, rotation stopped immediately. Sometimes 
there was no return of cydosis and the cell died with its protoplast shrunken 
from the cell wall; frequently there was a return of slow or rapid rotation. 
The cell might live or might finally die. Occasionally a cell was not affected 
at all by an intense flash of ultraviolet and showed rapid rotation next day, 
just as did the controls. These were old cells encrusted \?ith diatoms, which 
absorb the ultraviolet. 

Permanent stoppage of cydosis is not evidence of stimulation but of injury 
and death. By using ultraviolet light from a discharge with shorter s|>ark 
gap, one can regularly obtain reversible stoppage of cydosis. Thus with a 
3 mm. gap (11,000 volts) there was no effect on cydosis; with a 4.15 mm. 
gap (14,700 volts) the cydosis became slowed and then recovered while with 
a 5.17 mm. gap (18,000 volts) the streaming stopped completely and then 
moved again within 2 minutes. 

The fact that a fla^ sh of ultraviolet will stop cydosis in an electrically shielded 
cell with later recovery, is definite evidence of stimulation by ultraviolet. 
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The important question is whether an action potential appears and whether 
it is propagated. The arrangement for determining these points is illustrated 
in Text-fig. 3. 

A shows the method of detection of a propagated potential. A long cell 
of Nitella (0.4 mm. diameter X 32 mm. long) is laid over two nichrome wires 
(1?, U) embedded in a paraflftn trough (T) and ccnnected to a Rubicon gal- 
vanometer.^ Sometimes the end of the cell over one electrode is bathed in 
0.01 M KCl solution, kept in place by vaseline. A 1.1 mm. glass sheet is 
placed between this half and the ultraviolet lamp. The other half of the 
cell is exposed to the ultraviolet since it is covered with O.S nun. quartz. This 
half is in contact with two nichrome stimulating electrodes (5) to test the 
irritability of the cell with make and break induced shocks. If an excitation 


A B 



Text-Fig. 3. Arrangement of NiteUa for detecting (i4) propagated excitation and 
(B) local excitation. 5, stimulating electrodes for testing irritability of cell. R,Rf 
recording electrodes leading to galvanometer to detect action potentials. G, glass 
and Q, quartz cover slips. T, trough in paraffin to hold Nitella cell, N, 

which is propagated appears from exposure to ultraviolet it should be detected 
as an action potential by a swing of the galvanometer. 

In £, one of the detecting electrodes is also under quartz so that a non- 
propagated potential can be detected also. Unfortunately exposure of one 
nichrome wire (in water without the Nitella cell) to an ultraviolet flash (through 
quartz but not through glass) makes it negative electrically to another not 
exposed, giving a slight deflection of the galvanometer in the same direction 
as an action potential but so much smaller that there is little trouble in dis- 
tinguishing the two. 

Because of the sensitivity of the galvanometer, the Nitella cell was en- 
closed in a tin cigarette box with wire gauze soldered over the region exposed 
to the lamp and leads to the galvanometer shielded. These leads as well as 
the box and microscope were all grounded. Only the slightest movement 
of the galvanometer from pick up occurred during a discharge and there was 

^Sensitivity 0.00077 /x a/mm.; resistance 1981 ohms; period, 4.1 sec.; critical 
external damping resistance 4800 ohms. 
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no escape of current from the stimulating electrodes that affected the gal- 
vanometer. 

When the NiUJla cell set up in trough A had recovered from handling so 
that cydosis was rapid, a make and break induced shock was given. This 
stopped cydosis and set up an action potential easily detected with the gal- 
vanometer. Cydosis began again in 2 to 3 minutes and in 5 minutes was 
rapid. Then a 20,000 volt flash was given through 1.1 mm. glass. There 
was no effect on cydosis and no action potential appeared. The glass was 
then removed and a second 20,000 volt flash given. The ultraviolet stopped 
the cydosis under the quartz, but ordinarily there was no propagated action 
potential. However, in five instances out of fifteen trials propagated action 
potentials appeared which could not be attributed to other causes than ultra- 
violet stimulation. 

If a Nitella cell, set up as in Text-fig. 3 /I, was continuously illuminated 
with ultraviolet light from the lamp run on 3,000 volt, 60 cycle a.c., cydosis 
in that half of the cell covered by quartz gradually slowed and after 4 minutes 
had practically stopped while the cydosis in the half under glass was still 
apparent. In some cases no action potentials which were propagated ap- 
peared during or after the exposure. On the other hand, certain cells were 
particularly sensitive and rhythmic action potentials appeared during and 
after exposure to ultraviolet light, as often as once every 1.5 seconds. The 
cydosis stopped abruptly on appearance of a potential. 

When the arrangement was as in Text-fig. 3 B, again in some experiments 
no rhythmic action potentials appeared. The cydosis stopped under quartz 
but was proceeding under the glass. We might expect that the ultraviolet 
radiated region would become negative to a non-radiated region but no such 
effect was observed. In other cases ultraviolet irradiation gave rise to def- 
inite rhythmic action potentials which immediately stopped cydosis. These 
may be compared to the rhythmic potentials obtained from Nitella after 
chloroform treatment (Osterhout and Hill, 1929-30). 

In eight flash trials with the B arrangement of electrodes, only three cer- 
tain action potentials appeared although the cydosis wa> always reversibly 
stopped or slowed by the ultraviolet flash. All cells were in good condition, 
since an action potential and stopping of cydosis regularly occurred on elec- 
trical stimulation. Cells used for either the A oi B experiments were alive 
next day and had suffered no irreversible changes; only those receiving long 
treatment with low voltage ultraviolet were dead. 

We therefore condude that an action potential may or may not appear 
at a region of Nitella expK)sed to a sudden flash of ultraviolet light and that 
it nGiay or may not be propagated as an excitation wave, but the cydosis is 
always either stopped or markedly slowed. Depending on its intensity, a 
flash of ultraviolet light behaves just as an electrical stimulus \^hich may 
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also in NiteUa slow or stop cyclosis with no action potential if the stimulus 
is weak, or stop cyclosis with a local or a propagated action potential if the 
stimulus is strong. 

Elodea canadensis is also good material for cyclosis studies. Heilbrunn 
and Dougherty (1935) noted that small doses of ultraviolet increase and large 
doses decrease the rate of protoplasmic rotation in this plant. The leaves 
used in these experiments were made up of two layers of cells, large (100-150 
M long X 30 /i wide X 30 /a thick) on the upper surface and small (100-150 /x 
long X 15 /X wide X 15 /x thick) on the lower surface except near the midrib, 
where several layers were present. Looked at in cjoss-section of the living 
leaf the cylindrical cells are quite turgid. If the small layer of cells is toward 
the lamp, the ultraviolet light would have to pass 15 /x of cellulose wall, proto- 
plast containing nucleus and chloroplasts, large sap vacuole, another layer 
of protoplast and cellulose to reach the large layer of cells underneath. 
Under proper conditions protoplasmic rotation is marked in both layers of 
cells and is stopped by a flash of ultraviolet light. We therefore have in 
this plant a means of estimating absorption of ultraviolet. 

It was observed that when the large layer with active protoplasmic rotation 
was next to the lamp an intense flash of ultraviolet would permanently stop 
protoplasmic rotation in the large layer but the small cells underneath showed 
cyclosis, even after 3 hours. If the large cells were underneath so that the 
ultraviolet had to pass the small layer, there was no stopping of rotation in 
the large cells. Therefore only 15 /x of Elodea material is sufficient to absorb 
and prevent lethal effects under these conditions. 

On decreasing the ultraviolet intensity by making the spark gap less, no 
intensity was found that would reversibly stop cyclosis. A 4.15 mm. gap 
(14,700 volts) had no effect and a 4.83 mm. gap (17,000 volts) slowed the 
rotation within 2 minutes and it stopped permanently in 3 minutes. With 
continuous exposure to the lamp nm on 3,000 volts a.c. the rotation gradually 
slowed and stopped within 2 minutes. There was no recovery. Action po- 
tentials of these cells were not studied. 

Ameboid Movement 

Heilbrunn and Dougherty (1933) have studied the effect of ultraviolet 
light on Amoeba proteus and A. dubia, finding that the former, which is prac- 
tically all plasmagel, liquefies, whereas the latter, practically all plasmasol, 
decreases in viscosity and then gels. 

Amoeba proteus was used in these experiments. An intense (21,000 volts) 
flash on an Amoeba shielded from the electrostatic field and protected by 
1.1 mm. of glass from ultraviolet light caused only a stopping of movement 
with immediate protrusion of a pseudopod in another direction, the effect 
of visible light as described by Mast (1931); through quartz alone the Amoebae 
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rounded up in whole or in part, the pseudopods largely disappeared, and 
adhesion to the slide was interfered with. The animals gave jerky move- 
ments and often became quite spherical (see Fig. 1, C and D). They were 
obviously liquid, and granules within them could be seen in moderate Brownian 
movement. Such animals never recovered, ^although their surface boundary 
was stai distinct after 18 hours. In some Amoehde the surface boundary 
broke, with flow of the contents into the water. 

With shorter spark gaps, an intensity of flash could be found^ (4,500 volts) 
which had no effect on Amoeba protected by glass but which stopped amoeboid 
movement instantly without glass. Recovery was rapid and the Amoebae 
were soon progressing again. With an 8,200 volt flash the liquefaction was 
very marked and long lasting. 

Exposed to the same lamp run on 3,000 volts 60 cycle a.c. similar changes 
occurred over a period of a minute. The reversible effects in Amoeba are 
characteristic of mechanical and electrical stimulation and ultraviolet light 
can certainly be said to stimulate this animal. 

Oscillatory Movement 

The blue green alga, Oscillatoria, and the sulfur bacterium, Beggiatoa alba^ 
both long thin filaments often coiled and twisted in a mass, undergo slow 
wavy motions or sinuous progressive movements resembling a freight train. 
The cause of the movement is unknown, although in Beggiatoa it has been 
attributed to flow of protoplasm outside of the cell as in a diatom, a cater- 
pillar tractor effect. 

An intense flash of ultraviolet did not stop the wavy motions of long fila- 
ments which projected from the coiled mass although they were completely 
exposed to the ultraviolet flash except for the buried end, which might have 
been protected. Completely isolated and exposed filaments showed less 
marked movement before exposure to the ultraviolet but these moderate 
movements were stopped permanently by a flash. The evidence seems to 
indicate that a filament can move after ultraviolet treatment if only one 
end of it is protected but not if it is wholly exposed. 

Ciliary Movement 

Ciliary movement is often independent of stimulation. However, in free 
swimming organisms some cilia appear to be under the control of the organism 
and stop beating on nerve stimulation. In a few instances cilia on epithelia 
can be started by mechanical stimulation if they have been slowed or stopped 
by adverse conditions such as acid or cyanide. The cilia of the frog's pharynx 
are likewise started by irritating substances which set up a reflex through 
sympathetic nerves, while parasympathetic fibers slow the ciliary motion. 

Nervous control of the cilia of the mollusc gill is not yet certain (Lucas, 
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1931). Usually these cilia are beating rapidly and are not stopped by any 
kind of stimulation. However, in the clam {Venus) they are immediately 
rendered immobile by a flash of ultraviolet light (21,000 volts) all stopping 
at the end of the forceful stroke, irrespective of the position of the metachronal 
wave, as shown in Fig. 1 F. There was .no stopping when protected by 
glass. The effect was not due to lack of oxygen, for cilia on under layers 
of the gill to which the ultraviolet cannot penetrate were still moving and on 
removal of the quartz cover slip the immobilized cilia did not start beating 
again, even after an hour. 

Lesser doses of ultraviolet also stopped the cilia but more time was neces- 
sary. For example, with 12,000 volts the flash had no immediate effect but 
in 3 minutes the ciliary movement was somewhat slowed; with 14,000 volts 
the cilia quickly slowed and were stopped in 3 seconds. There was no re- 
covery in IS minutes. 

When exposed to ultraviolet from the lamp run on 3,000 volts a.c. the rapidly 
beating cilia gradually became slower and slower and had practically stopped 
in 3 minutes, always at the end of the forceful beat. There was no recovery. 
These effects of ultraviolet light are obviously lethal and not to be considered 
a response to stimulation. 

Cilia and flagella are so small that they may be expected to readily absorb 
ultraviolet and one universal observation is the cessation of such movement 
in cells, whether the organism itself goes to pieces as the result of the ultra- 
violet flash or not. Thus Euglena, Volvox, Chilomonas paramecium, Spirillum 
volutans and Arbacia pltUei stopped moving instantly after an ultraviolet 
flash while the cells remained undisintegrated. With dark field, some flagella 
were observed attached to Euglena but in most they were not visible, although 
they are also difficult to see in the living Euglena, Spirillum was more resist- 
ant to ultraviolet and organisms could be seen moving slowly after a flash. 
Their flagella could be observed with dark field, waving so slowly as not to 
propel the organisms. Chilomonas paramecium stopped instantly after an 
ultraviolet flash and went to pieces within a few minutes with bleb formation. 
None of these organisms were affected by the light which will pass 1.1 mm. of 
glass. 

The ciliates are universally destroyed by a strong ultraviolet flash (21,000 
volts) the exact consequences depending on the intensity of the ultraviolet 
and size of the animal. Thus Slylonyclia, Chilodonellay Coleps, Urocentrum 
turbOy Paramecium bursariay Epistylis plicalilis, Stenlor coeruleus, Bursaria 
Iruncatella, and Frontonia went to pieces within a few seconds after a flash. 

The Bursariae observed were 350 m wide and 480 n long and the ultraviolet 
affected only one side of the animal which disintegrated, leaving moving cilia 
on the other side and in the oral groove. The coiled nucleus was half ex- 
posed and the animal rotated in circles, later becoming practically spherical 
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but living for some time. None of the above organisms were affected by the 
light from an intense flash (21,000 volts) which will pass glass. 

Multicellular animals are not so easily affected. Rotifers ma y be observed 
moving about actively when Infusoria are disintegrated. The rhabdocoele, 
Stenostomum, which moves by dlia and contracts by muscles stopped in- 
stantly after the flash and in a few seconds had disintegrated on one side 
(where the ultraviolet had struck) and was soon a mass of debris (Fig. 1 E). 
Cyclops and nauplius larvae moved for a few minutes but were soon affected, 
Daphnia was more resistant but eventually died, while chironomid larvae and 
mites were very active for a long time. We may expect large forms covered 
with chitin to be quite resistant to an intense dose of ultraviolet light. 

Hydra fusca and Plumaidla sp.j a fresh water Bryozoatiy were quite un- 
affected when protected from a flash (21,000 volts) by electrical shielding 
and glass. When the glass was removed a flash caused immediately retrac- 
tion in both animals with subsequent expansion. The hydras were active 
and the plumatellas looked normal for several hours but within 16 hours 
both were dead although controls not exposed to ultraviolet were alive and 
active. In these forms there is either reflex contraction or a direct effect of 
the ultraviolet on muscles of the animals. 

A single flash of ultraviolet light caused contraction and breaking up of 
the chlorophyll bands of Spirogyra, prevention or slowmg of cleavage of 
fertilized Arbacia eggs, and the formation of fertilization membranes, which 
pushed out on one side only, in unfertilized Arbacia eggs.^ 

Myonemes 

An 18,000 volt flash did not affect Vorlicellae in any way if protected by 
glass but without glass the animals immediately contracted and expanded 
several times after the flash. The cytosome was retracted also. With lower 
intensities the contraction was delayed somewhat and the animals kept con- 
tracting and expanding as if irritated. A similar behavior was noted on 
continuous exposure to 3,000 volts a.c. excitation of the^lamp. After some 
seconds a series of contractions occurred whose relaxation became increasingly 
difficult. The animals finally stopped moving and the stalk slowly went into 
the contracted condition. 

Epistylis behaved in a similar manner, retracting the cytostome and be- 
coming a round ball which only partially expanded after the more intense 
flashes. The p>eristomal cilia could be seen beating within. Stentor coeruleus 
also rounded up after a flash. 

There can be no doubt of the response of myonemes to ultraviolet light. 

® Observations in collaboration with Dr. Ethel B. Harvey. 
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Biohminescence 

There are two processes in luminous bacteria which can be observed, the 
luminescence and the movement due to flagella. Two forms* of bacteria in 
3 per cent NaCl with phosphate buffer, mounted on depression slides under 
quartz^' and under glass were observed. One, Ackromobacter fisheri is not 
as brightly luminescent as A. harveyi; both are motile. The results were: 





Before flash (21,000 volts) 

After flash 

A . fisheri under glass 

Fair light, motile 

Fair light, motile 

“ “ “ quartz 

« « tt 

No light, non-motile 

A. harveyi ** glass 

Good “ 

Good light, motile 

“ “ “ quartz 

tt tt tt 

Very faint light, non-motile 


Thus a single flash of intense tdtraviolet is able immediately to reduce the 
luminescence intensity, as does the prolonged exposure to weak ultraviolet 
so carefully studied by Beijerinck (1916), Gerretsen (1915, 1920), and Giese 
(1941). 


SUUMARY 

A Study has been made of the effect of sudden intense fllashes of ultraviolet 
light, acting on a wide variety of cells and tissues, with special reference to 
stimulation. 

The flashes are obtained by a high voltage condenser discharge through 
a quartz mercury vapor sterilamp, using the method of Rentschler. The 
lethal effect of a single such discharge is widespread among unicellular or- 
ganisms. 

MeduUated nerves and whole muscles are not visibly stimulated, because 
of absorption by connective tissue. Single muscle fibers undergo immediate 
contracture in 50 per cent of the experiments. 

NiteUa cells are stimulated, the effect depending on the dosage. Weak 
ultraviolet flashes slow or stop cyclosis reversibly. Strong flashes stop cyclosis 
reversibly with the appearance of a local or a propagated action potential. 
Very strong flashes kill the NiteUa cells. 

The effect of single flashes on myonemes, oscillatory movement, ameboid 
movement, cilia, flagella, and bioluminescence is described in the text. 

'lam deeply indebted to Dr. F. H. Johnson for the species of bacteria and for aid 
in the observations. 

’’ The fused quartz of the lamp is brightly phosphorescent after a flash as are the 
fused quartz cover glasses. These had to be removed to detect luminescence or 
darkness in the bacteria. Crystal quartz is not phosphorescent. 
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EXPLANATION OF PLATE 5 

Fig. 1. Spectrum of ultraviolet flash. Slit width 0.1 mm. Scale at top gives wave 
lengths. Above and below the eleven numbered spectra is a mercury line spectrum 
from a quartz sterilamp run on 3000 volt 60 cycle a.c. (40 seconds exposure). 

(1) One flash discharge, 21,000 volts. 

(2) One flash discharge, 21,000 volts through 0.17 mm. glass cover slip. 

(3) One flash discharge, 21,000 volts, through 0.99 mm. glass slide. 

(4) Two flash discharges, 15,500 volts. 

(5) Four flash discharges, 11,000 volts. 

(6) Twenty flash discharges, 4500 volts. 

(7) Two hundred flash discharges, 1500 volts. 

(8) Four flash discharges, 21,000 volts. 

(9) One flash discharge, 21,000 volts through 0.09 mm. cellophane. 

(10) One flash discharge, 21,000 volts of a krypton filled lamp. 

(11) Krypton lamp run on 3000 volts, 60 cycle, a.c., 400 seconds exposure. 

(A) Rapidly moving normal Paramecia photographed with a 9000 volt flash, 
protected with glass. 

(B) Paramecia photographed immediately after a single 21,000 volt flash of ultra- 
violet light. 

(C) Amoeba Proteus before and (Z>) immediately after a 21,000 volt flash. 

(JE) The rhabdocoele, Stenostomum, immediately after a 21,000 volt flash. Note 
disintegration on one side (toward the ultraviolet light). 

(F) Edge of the gill of a clam {Venus) immediately after a 21,000 volt flash, show- 
ing immobilization of the cilia at the ^nd of the forceful stroke. 
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PLATE 5 




A SIMPLE TIME WEIGHT RELATION OBSERVED IN WELL 
NOURISHED RATS 

By LOIS ZUCKER and THEODORE F. ZUCKER 

{From the Department of Pathology, College of Physicians and Surgeons, Columbia 

University, New York) 

(Received for publication, August 28, 1941) 

The newer knowledge of nutrition as applied to the general physiology of 
growth suggests a fundamental re-evaluation of previous growth data and 
previous growth formulations. A careful analysis of the situation (Zucker 
et al.j 1942) with particular reference to the rat, the species most intensively 
studied by nutrition workers, has led us to two general conclusions: 

1. The only experimental conditions which can possibly lead to growth 
according to any relatively simple law require a diet which is adequate for the 
most rapid growth attainable by nutritional means. Under these conditions 
only can the growth curve be a pure expression of the inherent growth charac- 
teristics of the organism. If on the other hand the rate of supply of one or 
more of the long list of chemical compounds required for maintenance as well 
as growth is reduced below such a level, the resulting growth simply expresses 
an arbitrary limitation imposed upon the organism by the investigator (whether 
he realizes it or not). The rate of supply of each one of the essential food fac- 
tors is indeed a separate variable of the growth problem, varying not only with 
the diet but also with time, because the requirements for various factors change 
as growth proceeds. It is only if the rate of supply fully meets or exceeds the 
maximum requirements at any age that these complicated nutritional variables 
will no longer aflFect the growth rate, and a tremendous mathematical simpli- 
fication is then to be expected. 

2. Most growth data in the literature which have been used by students of 
growth probably fail to meet good nutritional standards. The whole growth 
problem has been confused and more or less run into a blank wall by the re- 
peated working over of the same old data. There is a fundamental flaw in 
those data. New data are needed which do meet reasonable nutritional stand- 
ards, and a useful, if perhaps limited, start can be made with a single species — 
the rat. 

Elsewhere we have made a detailed presentation of data on the growth of 
normal rats of our albino colony (Zucker et al,, 1941, and 1942) ; these data are 
shown graphically in Fig. 1, together with a mathematical formulation which 
has been found satisfactory. We have presented detailed evidence inde- 
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pendent of the ein gen n e s of curve fitting with any particular equation for the 
separate treatment of pre- and post-weaning growth data on both nutritional 
and developmental grounds. Of the two equations which were then found to 

r«WMktfrem Sirth 



Fig. 1. The upper left curve is a weight time plot of the growth of female albinos 
of this colony ; the axes are those indicated at the left and top of the figure. The lower 
right pair of straight lines are a log weight, reciprocal time plot of the same female 
data from 4 weeks on, and of our male data; the axes are those indicated on the right 
and bottom of the figure. The finer lines on either side of the data points in each case 
represent plots oi W + <r and W — <r on a weight, or log weight, axis, as the case 
may be. With a normal frequency distribution of weights ^ of the observations 
would be included within the band so defined. In the weight time plot the spread 
is smaller than the diameter of the data points for the small initial weights. 

Curve 1 in the weight time plot has the equation log W *» 2.88 log T — 3.182, T 
being days from conception. Curve 2 in the weight time plot, and also the straight 

line for the females in the log redpiocal plot, has the equation log IT ^ + 

log 270, t being weeks from birth. 

fit the two postulated growth phases, the log log equation for the earlier ph<»w 
has been successfully applied in other species as well (see MacDowell et al., 
1927 and 1930), but the log reciprocal equation which fits the data from 3 weeks 
on is apparently new (see footnote 3). 

A k' 

Tie Log Reciprocal Equation, In = = — ^There can be no doubt as to the 

(r I 
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practical value of the equation. It fits almost the entire life period very well, 
and it is simple enough to allow a direct plot of the data on a In TF - 1/^ grid 
^as shown in Fig. 1) characterized by a spread of the individual weights around 
the mean whidb remains beautifully constant at all ages. It defines two 
parameters: A, the value approached by the weight as time increases without 
limit and hence an inherent size factor, and k', a growth intensity factor, k' 
is of course the slope of the In PF - 1// plot, and In A is the intercept (at 1// = 
0). As shown in Fig. 1 the equation has a point of inflection, and this is fixed 
at PF = 0.135 A. The equation is of entirely empirical origin, but this fact 
does not of course have any bearing upon its possible general validity; whether 
it is merely a concise summary of these particular data or whether it has a 
wider Oj»plicability and any general biological significance can only be deter- 
mined by further study. 

Comparison with Other Growth Equations . — First let us see how this equation 
compares with other growth equations which have been suggested. Fig. 2 
compares the fits to our female growth data obtained with various growth equa- 
tions. This comparison is made on the ability to fit either the post-weaning 
data alone, or both pre- and post-weaning data. The questions posed are 
these: 

1. In the past it has been found that most of these equations were not able 
to fit the entire life period, and it was necessary to assume growth cycles to 
explain the discrepancies. Is it possible that some of these equations can fit 
the entire life period, thus making the assumed cycles unnecessary, if nutri- 
tional distortions are absent? 

2. Assuming that our analysis into two phases of growth is valid, how do the 
various equations compare in ability to fit the post-weaning data representing 
the second phase? In this comparison it seems that we are applying the 
equations of Backman, Hatai, Gompertz, Brody, Pearl, and Bertalanffy in 
the manner in which they are usually applied to growth data. Crozier and 
Robertson would presumably apply their equations very differently, since 
they have offered cyclic analyses of growth which break up the post-weaning 
weights into portions separately fitted to their equations. ^ It must therefore 
be understood that we are investigating the properties of then* equations, and 
not of their complete formulations involving equations and cyclic analysis. 

The equations are listed in Table I in various forms which may be of interest. 
It may be noted that almost every one of these equations is '‘theoretical,’’ in 
the sense that it derives in some way from a theory of growth, or can be pro- 
vided with some sort of rationalization; most of the constants in the equations 
have independent meanings in terms of the various theories of growth (see 
summary in Zucker et al., 1942), but their numerical values are not predictable 
from the theory, and they are therefore treated as adjustable constants in 
fitting data. A few equations listed in Table I have not been applied in Fig. 
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2* The equations of von Hoesslin and Fischer have very unsuitably late points 
of inflection, and have not been tried for this reason. The Robertson equation 
has been fitted in spite of its late point of inflection because of its historical 
interest and its widespread acceptance even today as the theoretical growth 



Fig. 2. Comparison of the ability of various growth equations to fit the growth of 
our female rats. The data are plotted as w^eight against time. References to the 
various equations are given in Table I. Where more than one curve is plotted and 
the curves cross or come together, they are numbered at critical points. In the case 
of the Backman equation, curve 2 is not the same form of equation as curve 1, but 
is a simplified form (see Table 1). In all the other cases with more than one curve 
plotted, the different curves are compromise attempts to adjust the equation to vari- 
ous regions of the data. 

equation. No attempt was made to fit WetzeFs equation, or Pearl’s equation 
containing more than four terms in the power series, because of the large 
number of adjustable constants in both cases which make the equations very 
difficult to apply, and which make the interpretation of a good fit as contribu- 
tory evidence of biological significance very doubtful. Snell (1929) has quite 
properly pointed out that Robertson’s and Crozier’s equations are incorrectly 






LOIS ZUCKEK AND THEODORE F. ZUCKER 


449 


derived from their common basic assumption that a chemical reaction deter- 
mines the rate of growth, and has suggested corrected forms. We have not 
worked with these corrected forms prmcipally because the correction is also 
in error, so that the ‘^corrected” equations are in no way preferable to the 
originals. Snell’s criticism is perfectly valid, but it is in the attempted appli- 
cation of the criticism that the error has crept in. 


A few words of explanation seem to be in place since the point has apparently been 
passed over without notice. In the original derivations of Ciozier and Robertson 
the expression for the rate of a chemical reaction was written in terms of weight of 
reactants rather than concentration, or weight/volume, as required by the laws of 
chemical kinetics. This is indeed a serious flaw in the rationale of both equations. 
Snell reasoned by analogy with the course of a chemical reaction going on in identical 
solutions in several diiOferent beakers that the desired rate of change of weight is given 
by the product of the volume and the known rate of change of weight/volume, or 
concentration. This analogy is not a proper one, because in the analogue the volume 
of the system does not change during the course of the reaction, as it does in the grow- 


ing cells and body fluids. The proper expression for 


d(W/V) , 1 dW W dV 


dT 


is 


F dr F*dr 


1 dW 

which reduces to — — , the expression used by Snell, only when Fdoes not change 


with time. Interestingly enough, if the proper expression for 


dOV/V) 

dT 


is introduced. 


Snell’s assumption that the rate of increase in V is proportional to the rate of increase 
in W leads to equations of the same form as the original uncorrected equations in 
both cases, the only difference being that the adjustable constants have different 
interpretations. 


In judging the fit in Fig. 2, the range of variation of individual weights from 
the means shown in Fig. 1 should be borne in mind. On a weight time plot 
the spread is much smaller for small weights than for large weights. Consider- 
ing this experimental variation, it must be concluded that no one of the equa- 
tions in Fig. 2 provides an acceptable fit to both pre- and post-weaning data. 
Restricting consideration to the post-weaning data alone, car see that only 
Backman’s equation 2 and our equation provide fully satisfactory fits to the 
post-weaning data (see footnote 3). 

Fit of the Log Reciprocal Equation to Other Rat Data , — Several other sets of 
rat growth data are available which approximate our nutritional requirements 
and which cover parts of the post-weaning period. Fig. 3 shows that the log 
reciprocal equation is competent to fit such data from other laboratories, on 
other colonies and diets. The fits are surprisingly good except for the nutri- 
tionally poor Donaldson data which were included for comparative purposes; 
even in this case the form of the deviations from the log reciprocal equation is 
in excellent agreement with our conception of the effect of the dietary inade- 
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EXPLANATION OF TABLE 1 


All variables arc italicize*!. W is weight, / is age from birth, T is age from conception, A 
is the final weight, c is the natural base of logarithms. Natural logarithms are used through- 
out in order to avoid a conversion factor in the differential form. 'Fhe last column shows 
the location of jioints of inflection and maxima in the weight time curve; conditions for 
singular points are too elaborate f«>r tabular form in the Pearl and Wetzel equations, and the 
reader is referred to the original publications. Backman- sec Hackman, 1931, 1938 h\ 
/ucker et al., 1942; footnote 3 below. Backman has not published an integration for eciua- 
lion 1. The differential form can be fitted to data in the usual way for e(|ualions of the form 
y = a + bx + cx* followed by graphic integration. Equation 2 is conveniently fitted by 
pUitting In (A — IF) for various assumed values of A against In T and determining the best 
straight line. JJalai -see Pearl, 1907; llatai, 1911; Donaldson, 1924; Zucker et al., 1942. 

The equation is conveniently fitted by plotting , against 1// and determining the best 


straight line, followed b> talculating the best average value of the integralirin constant. 
/iicker--i‘Ce Zucker d ul., 1941, and 1942. Fitted by plotting In IF against L/ and deter- 
mining the best straight line, (low/urtz see Winsor, 1932; Bac kman, 1938*7; Lumer, 1937. 


Fitted by idotting In In 


A 

II 


^ for various assumed values of .\ against T and determining the 


best straight line 


Note that the Zucker equation predicts a .straight line plot of In In ; 


against In /, rather than / or T. Brody see Brod> , 1925 1926, 1927*7, h; Ludwig, 1929; 
Kaufman, 1930; Zucker ct al 1942 Fitted by plotting In (A — IF) for various assumed 
values of A against T and determining the best straight line. Note that the Backman equa- 
tion 2 predicts a straight line plot of In (A — IF) against In T rather than T. Robertson -sec 
Robertson, 1907-08, 1923, 1926; Fearl, 1924; Ludwig, 1929; Brody, 1927ti; Schmalhausen, 
1929; Neerlham, 1931; Backman, 1931, 1938*/; von Hoesslin, 1930; Winsor, 1932. See 
Robertson, 1923, for methods of fitting. Crazier -see Crvizier, 1926; Robb, 1929; Brodv . 
1927*7. 'Fhe second form given for the integrated equation is very similar to the equation 

In ^ ^ YiT c often called the general logistic, userl byEnriques, 1909, Roberts<jn, 

A — 14' 


1926, and Lumer, 1937. 'I'he only difference is that Crozier’s equation has only three inde 
])endent adjustable constants as against four in the general logistic. Both equations have 
thiee independent adjustable constants in the differential form; in the Crozicr equation the 
integration constant is evaluated in terms of the other three con.stants, making the c*)ndition 
that IF — 0 at zero time. Pearl -see Pearl, 1924; Brody, I927u; Ludwig, 1929. A method 
of fitting involving the use of selected points at equal intervals >n th«‘ lime scale has been 
worked out by Pearl, 1924. von Bertalanjfy —sec vtm Bertalanffy, 1^34, 1938: Putter, 1920, 
Ludwig, 1929. Fitted by plotting In {.V^^ — IF^/"*) for various assumed values of A against 
/, and determining the best straight line. The equation differs from Brody’s only in the 
exponent of A and Ti’, but this difference iiUrmluces a iM)int of inllection. Fischer~-i‘CC 
Fischer, 1928; Ludwig, 1929. This equation is related to Robertson’s in the same way that 
von Bertalanffy’s is to Brody’s, von IJoesslin von Ilocsslin, 1926 27, 19vl0, 1931, 1932, 
1934; Zucker d al., 1942. IVelzeh-see Wetzel, 1932 33, 1934, 1937; Zucker d al., 1942. 
'J'he constants in the differential form are those with meanings in terms of VV'^etzel’s theory. 
The integrated equation written in terms of these constants is ver>' king; it is w’ritten in 
'Fsible I in simplest form, but with the same number of in*le|)cndcnt constants many of which 
arc complex functions of the theoretical parameters which appear in the differential form, 
and of the two integration constants. 
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Fig. 3. l^)g reciprocal plot of the growth of various rat colonies on diets optimal 
for growth. 1, Mendel and ITubbell, 1935; 2, Smith and Bing, 1928-29; 3, Maynard, 
1930; 4, Macy et u/., 1927, group labelled “stock diet”; 5, Freudenberger albinos, 1932; 
6, Sperry and Stoyanoff, 1934, series III (detailed growth data kindly supplied by 
Dr. Sperry); 7, King, 1915; 8, Donaldson ei al.^ 1906; 9 and 10, Evans, 1923-24, series 
I and II (circles are controls and crosses are pituitary injected); 1 1, Hart and Cole, 
1939 (circles are controls, crosses are females repeatedly bred); 12, Freudenberger 
D)ng-Evans strain, 1932; 13, unpublished data on the growth of our colony of Long- 
Evans rats in 1931 and 1932 on our regular stock diet. 

All the data for one sex are plotted on the same reciprocal time scale, but in order 
to separate the lines the log weight scales are separated by 0.2 or 0.3 logarithmic unit. 
For orientation therefore we have written in on each line the values of [V at 4 weeks 

and at ^ ^ 

The original figures for mean weights were available for numbers 2, 6, 7, 8, 9, 10, 
13. ^Blotted points in numbers 5, 11, and 12 are original data points read off the 
published graphs. Plotted |K)ints in numbers 1, 3 and 4 were read off the jiublished 
smooth curves at suitable intervals, since the original data jxiints were neither tabu- 
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quacies upon growth (Zucker et al,, 1941). The Donaldson rats are under the 
greatest nutritional growth inhibition during the early period when the in- 
herent growth impulse calls for the most rapid growth and when nutritional 
requirements are therefore most critical. As the ejffect of the inherent growth 
impulse slows down, nutritional requirements become less critical, the same 
diet becomes gradually more adequate, and the rats gradually recover spon- 


lated nor plotted. The graphs which had to be depended upon as soifrces for many 
of these sets of data are unfortunately very small. 

Freudenberger (numbers 5 and 12) did not reject animals which were losing weight 
from his means. King (number 7) did so, and we have done so with our data and 
with the data of Evans, who published his individual weights. We have no infor- 
mation on how the other data are constituted in this respect. 

The Kmg data are among the earliest. The diet — “selected table scraps’ —is not 
very well characterized, but could be quite good by current standards. The points 
have a very unfortunate distribution on a log reciprocal plot because of the large 
intervals between weighings, and this makes it difficult to decide upon a fit. 

We are presenting the evidence for the ability of the log reciprocal equation to fit 
these data in the form of a log weight, reciprocal time plot rather than a direct weight 
time plot because it appears from our data that this is the most generally satisfactory 
manner of presentation. It results in a straight line with the experimental error, or 
range of variation around the mean, covering a band of constant width throughout 
(see Fig. 1). Gray (1928) has emphasized a danger in the logarithmic plotting of 
weight data: “Where a process of growth involves the use of a logarithmic function 
it is very unwise to trust to graphical methods unless U can be shown that the ratio of 
probable error to the mean is constant during the whole period of growth . . . the only 
real test consists in a comparison of observed and calculated values.” (Italics are 
ours.) Our data satisfy the qualifying requirement laid down by Gray, that the ratio 
of the probable error (or standard deviation) is constant during the whole period of 
growth. The constancy is only approximate, but any fluctuations are second order 
effects as far as the present discussion is concerned. Under these conditions a weight 
time plot, or a tabulation of calculated and observed weights as suggested by Gray, 
is an inferior method of comparison, because deviations are of cojistantly decreasing 
biological significance and must be mentally corrected at the hand of the information 
contained in a tabulation or plot of probable errors or standard deviations as a function 
of weight. Under our conditions it is precisely a logarithmic plotting of weight which 
provides the most balanced presentation of the data and their agreement with a par- 
ticular curve; wc have no reason to suppose that other data differ markedly from ours 
in this respect. Fig. 2 would be very much improved if it involved a log weight-time 
plot rather than the direct weight-time plot for just this reason; we chose the inferior 
presentation partly as a concession to custom, partly as a practical demonstration. 
It is necessary to emphasize this point because Gray has been widely quoted as show- 
ing that logarithmic plotting is without exception or qualification a biased unfair 
manner of presentation (Richards, 1935; Huxley, 1932; see also Davenport, 1926). 
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taneously. The late point of inflection and rapid cut-off found in several of 
the equations of Table I and Fig. 2 are quite characteristic of such nutritionally 
inhibited growth with spontaneous realimentation; in so far as these equations 
were designed to fit distorted growth curves they were made unsuitable for 
normal data. 

The agreement in the case of the Long-Evans rats is of interest, for these 
rats are of a very different strain from our albinos. They are the descendants 
of a cross between one wild gray Norway male and a few laboratory albino 
females. King has reported in some detail on the growth of captive grays 
(King, 1939); these are descendants of wild Norway grays and therefore 
represent the other component of the Long-Evans strain. The data cannot 
be fitted by the log reciprocal equation, but it is possible that the diet is faulty; 
these animals were not raised on the diet previously used for King’s albinos 
(King, 1915), which was composed of selected table scraps, but on a diet of 
cooked cereals. King specifically says that no attempt was made to provide 
a superior diet. 

Of further interest is the presence among the available data obtained on 
known good diets of two examples of growth stimulation leading to “super- 
normal” growth which are also fitted by the log reciprocal equation. The 
Evans data are two series of females given daily injections of anterior pituitary 
substance. The Hart and Cole data represent the maximum stimulating 
effect of pregnancies upon growth; this was obtained by putting the rats 
through nine to ten successive pregnancies and lactations starting at 4 weeks 
of age, at which time precocious sexual maturity was induced by injecting 
gonadotropic hormone. This hormone has no effect on growth per se. 

The Parameters of the Equation . — The values of the parameters for the 
several sets of data are presented in Table II. The albino colonies all show 
approximately the same k for each sex; this expresses itself in Fig. 3 in the fact 
that the lines are parallel. These colonies appear to differ only in mean size 
(A). The descendants of the cross between albinos and grays do not show a 

constant k, but the ratio is in good agreement with that characteristic 

of the albinos. The obvious interpretation of these findings is that k, or rather 
the pair of values kmau, kfemai. in a fixed ratio, are associated with the genetic 
constitution of the rat. At any rate the parameters defined by the equation 
not only can be given rational interpretations but are shown by the ^gnd of 
data to provide an analysis of growth into two components of practical useful- 
ness and significance. 

The approximate constancy of k for female albinos, and indeed the absence 
of a break in the female growth curve as fitted by the log reciprocal equation 
seem to be in disagreement with the findings of Cole and Hart (Cole and Hart, 
1938; Hart and Cole, 1939). These findings indicate that k is very greatly 
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increased by pregnancies over the value characteristic of unmated females; 
one would expect rats first bred at 17 weeks as ours are to show an immediate 
increase in k, producing a break, and one would also expect the mean k for 
different sets of data to be somewhat different, since colony practice with 
respect to the age of first breeding and frequency of breeding differs. Neither 
expectation is met; the female data behave in every way like the male data in 
which no disturbing effects are expected. It may be that breeding must be 

TABLE n 


The Parameters of the Log Reciprocal Equation 


No. 

(Fig. 

3) 


Females | 

Males 1 

kmmle 

k 

A 

k 

A 

kfemalo 


Albinos 







Authors’ data 

2.84 

270 

3.65 

470 

1.29 

1 

Mendel-Hubbell (1935) 

2.84 

380 

3.73 

650 

1.31 

2 

Smith*Bing (1928) 

2.76 

316 

3.67 

548 

1.33 

3 

Maynard (1930) 

2.93 

314 

3.83 

535 

1.31 

4 

Macy et al. (1927) — group labelled “stock 

2.86 

278 

3.66 

484 

1.28 


diet” 






5 

Freudenberger (1932) 

2.80 

282 

3.70 

440 

1.32 

6 

Sperry-Stoyanoff, series III (1934) 



3.68 

476 


7 

King (1915) 

(2.98) 

251 

3.73 

360 

(1.25) 


Long-Evans 






9 

Evans — normal I (1923) 

3.19 

351 





Evans-P^"‘J*7l 

4.21 

1 

565 





mjected 






10 

Evans — normal II (1923) 

2.56 

331 






3.46 

519 





injected 




< 


11 

Hart-Cole— normal (1939) 

2.33 

359 





Hart-Cole — pregnant 

3.32 

480 




12 

Freudenberger (1932) 

2.93 

318 

3.96 

556 

1.35 

13 

Authors’ data 

2.46 

263 

3.34 

432 

1.36 


k was calculated for common logarithms, and is in units of weeks. A is in grams. 


started very early, earlier than is customary in breeding colonies, and carried 
out intensively in order to affect k significantly. 

The Relation with Heterogony . — ^The equation 

In TTi - K' In PF« + In C' 

is the well known law of relative growth (heterogony of Huxley, 1932). Wi 
and are weights, or other measures of growth, of two organs or parts of the 
body observed at the same time (or of a part and the whole). The equation 

1 AW 

is equivalent to the statement that the specific growth rates ^ of the parts 
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are all proportional to each other. It has been applied successfully to such a 
range of species and conditions that it ranks as a really well founded generaliza- 
tion in the field of growth. Whatever meaning one wishes to ascribe to it, 
whether it is exact or approximate, it closely represents the course of relative 
growth. It is therefore a distinct merit of the log reciprocal equation that it 
immediately suggests such a course of relative growth. This is also true of 
the log log equation used for pre-weaning growth and of the compound interest 
law sometimes used for growth. It is true of many other possible equations — 
of any equation of the form 

In TT = aF«) + b 

where F(0 can be the same for the growth of the different parts being com- 
pared; t.«., where F(/) does not contain any of the growth parameters referring 
to the particular organ or part specifically. Since heterogony applies to such 
a wide range of species the possibility exists of many different time growth 
equations for different species or larger groups of species, differing in the form 
of F(/). None of the other equations listed in Table I is of the required form. 
Any of these equations can of course be reconciled with heterogony by assum- 
ing that each organ or part has a different form of time law of growth^ but 
other things being equal, a formulation which does not require all these dif- 
ferent laws of growth for different parts is preferable. Thus the log reciprocal 
equation not only describes the course of body growth in time, but also the 
course of growth in time of the femur length (Hinkel, 1942), and of the femur 
weight, femur organic matrix, and femur ash (Zucker et al,, 1942; in these 
data good agreement is found up to 700 days of age in both males and females) . 

^ Thus if Wi in the above equation is the body weight, W 2 the organ weight, the 
form of growth of IF 2 in time for any of these equations is obtained by substituting 
for Wi its equivalent CW 2 K^ In the log reciprocal equation and in the others which 
suggest heterogony the resulting equation for W 2 as a function of time is of the same 
form as the original equation for Wi as a function of time — ^for the others it is different. 
This procedure is a fundamental part of the derivation of Bertalanffy’s and Fischer’s 
equations; their theories lead to growth rate equations in body length rather than 
weight. To get an equation for weight as a function of time they replace length in 
the integrated equation by limiting length by qA^^®, assuming that K' in 

the heterogony equation has the value 1/3. Lumer (1937) has concluded that 
heterogony is incompatible with sigmoid growth. The evidence given is that heter- 
ogony is not compatible with three particular sigmoid growth equations (Robertson, 
Croaer, and Gompertz), and the implicit assumption is made that the same equation 
must apply to the part and to the whole. The conclusions he draws are evidently 
far too broad, because there are sigmoid equations such as the log reciprocal which 
are compatible with heterogony assuming the same equation to apply in the growth 
of the whole and the part, and, for the other equations, it is not necessary to assume 
that the same form of equation applies to the part and the whole. 



LOIS ZUCKER AND THEODORE F. ZUCKER 


457 


Recent students of heterogony have tended to dismiss the parameter In 
C' in the heterogony equation as an unimportant, uninterpretable constant 
(Huxley, 1932; Needham, 1934), and have centered attention upon K', the 
proportionality constant relating the specific growth rates of the parts com- 
pared. Thus ‘‘the constant b [our C'] is of little biological significance, since 
it merely denotes the value of y [our Wi] when x [our W 2 ] is unity” (Needham, 
1934). Now if we write this integration constant In C' in its most general 
form, we have 



- K' In 


W 2 


where Wi* and W 2 * are the values of Wi and W 2 at some reference time. Need- 
ham chose the time at which W 2 * = 1 — 2 l choice which depends upon the units 
in which W is expressed, and which is therefore arbitrary as he pointed out. 
The law of relative growth derived from the log reciprocal equation has Wi* 
and W 2 * interpreted as Ai and A 2 , the limiting sizes of the parts compared. 
Now quite aside from the merits of the log reciprocal equation, this reference 
point would seem to recommend itself for relative growth. It has been 
frequently emphasized that there can be no significant reference point for 
heterogony at conception, or at any time during fetal life, for different parts 
and organs are first laid down at different times after conception; different 
parts of the body do not have a common beginning. (See MacDowell et al., 
1927; Schmalhausen, 1927, 1928; Huxley, 1932.) No intermediate point 
suggests itself. But the end, the final object of all the development and 
growth and change in shape and proportions surely has particular significance 
for relative growth as well as for time growth. The interpretation of the In 
C' parameter provided by the log reciprocal equation is thus reasonable and 
appealing in its own right. The heterogony equation can then be written 



ki' A2 
— In — 
k 2 ' W 2 


A 

The Function In This function appears to be a useful measure of growth 

status, measuring the closeness of approach to the limiting or equilibrium 
weight independently of what that limit is. If two animals are chosen at 
random each weighing 200 gm., they are of course identical as far as weight is 
concerned, but their respective growth statuses may be very different, for the 
one animnl may be an inherently smaller animal, much closer to its limit size, 
and hence nearer the end of the growth process than the other. This proposed 
growth status function makes the animals most nearly comparable when they 
have achieved the same percentage of their final limit weight. In terms of this 
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function, which we might call the growth function R, time growth and relative 
growth take the very simple forms 


Bit - ki' 
Bit - k2' 



or inverse proportionality between R and age, and direct proportionality be- 
tween R’s for different parts of the body. The time derivative of Ris — ^ 

VV 

dW 

— , the negative value of the specific growth rate. R is of course a quantity 

which decreases as the animal grows, approaching zero at the limit weight, so 
that its time derivative is of opposite sign from the time derivative of an in- 
creasing quantity like W or In W. The time rate equations then take the 
forms 


d/ " / 


Many growth equations introduce the limit weight A in the term (A — W). 
This is by no means suitable as a measure of growth status, as can be seen 
from a consideration of the natural variation in PF as approaches A. The 
coefiicient of variation of W is approximately constant throughout life (Zucker 
et al., 1942); this means that a gram of weight gained or lost, or a gram dif- 
ference between any two animals, is of less and less significance to the animals 
as they get larger, since it occurs with steadily increasing frequency, and in 
fact that the biological significance of weight differences is best measured on a 
percentage scale of W, or on an absolute scale of In W. This is reasonable 
on general grounds, when one considers that food and water intake increase 
with weight, and that a given degree of growth activity for the growing parts 
of the body must result in a larger absolute gain in a large rat than in a small 

A 

rat. Now let us see how In ~ changes with a given percentage change in 

W 

weight. It is obvious that 



-din W 


W 


Thus a given percentage increase in IF, represented by 


dlF 

IF’ 


produces the same 


change in In 


A 

IF 


always, at all values of IF, and this function therefore correctly 
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evaluates the effect of a change in weight upon the growth status. It is also 
obvious that 


d In (A - W) 


W dW 
A-W W 


A given percentage difference in W registers a difference in In (A — W) which 
increases rapidly as W approaches A (because of the A — TF term, which 
approaches 0, in the denominator). Thus a small percentage increment in 
W which is of the same biological significance at all values of W, is incorrectly 
estimated by the function In (A — IF) to be very much more important at 
values of W near A than at values far from A. Assuming an A of 270 gm., a 
1 gm. change in a rat weighing approximately 240 gm. should according to 
this function represent the same change in growth status of the animal as an 
8 gm. change in a rat weighing approximately 30 gm. As a rat approaches 
the limit weight the normal fluctuations around the equilibrium weight deter- 
mined for that time by its inherent growth curve should be limited to fractions 
of a gram and finally approach 0. Yet the weight of such an animal near its 
limit weight is just as much determined by a d)mamic equilibrium between 
processes causing gain in weight and processes causing loss in weight as in the 
rapidly growing animal; it is not reasonable to expect these processes later to 
become so much more finely balanced in their operation. 

All the other A — IF functions behave in similar fashion. 


W ^ A dW 
A - W"" A- W W 


d In 


BJrJV 

A-W 


d In (A^^3 _ 11^1/3) 


W{A + B) ^ 
(B + W)(A -W) W 

dW 

A1/8 - Tyi/3 W 


Each of them has a term in the denominator which approaches 0 as IF increases. 
We bring these points up particularly because Brody et al. (1937) proposed 
an alternative law of relative growth 

In (Al - TTi) « K In (A, - TF,) + In C 


and Robertson (1907-08) long ago proposed the law 


In 


IFi 

Ai-IFi 


Kin 


W2 

A2 - IF 2 


+ lnC 


which are suggested by their respective time growth equations. Aside from 
the difficulty in interpreting the In C terms in these equations the terms In 

(A - IF) and In which are intended to put the different bodily parts 

A rr 
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on a comparable basis independent of their various and widely different sizes, 
are not suitable measures of growth status. It is interesting to note that 
Brody, whose time growth equation contains the A — TF term, and whose 
derivation definitely interprets A — IF as a measure of growth status, never- 
theless consistently prefers the function W/k as a practical measure of growth 
status in comparing growth curves. 

Tht Time Scale , — In our growth formulation the time scale for pre-weaning 
growth (which like embryonic growth involves extensive histo-differentiation) 
is referred to conception, and the time scale for post-weaning growth (which 
is principally increase in size) is referred to birth. These reference points 
were chosen so as to get the best fit, and are therefore in a sense extra adjust- 
able constants. However, the reference points once chosen are consistently 
adhered to for both sexes and all the different rat colonies fitted, so that they 
are not adjustable constants in the sense that k' and A are.® A rational 
approach to a reference point for the time scale in growth is a very difficult 
problem. The most common practice has been to take conception as the zero 
point, but most growth equations contain an adjustable constant which 
effectually shifts the origin to some other point (see t* and T* in Table I) . 
And MacDowell has raised serious objection to the general assumption that 
conception ought to be the rational reference point: 

‘‘In mammals, the separation of the egg from the main food supply is correlated 
with a precocious development of the trophoblastic elements of the morula. These 
form the yolk sac and the traeger, which effect the first connection with the maternal 
food supply. They are well developed before the visible organization of the embryo 
is started. This preliminary stage occupies an appreciable portion of the gestation 
period. If natal and prenatal growth are to be compared ... the growth curve of 
the embryo should start with the embryo proper, and not include the preliminary 


® It may be noted in passing that if a fully adjustable reference point for the time 
scale is introduced into the log reciprocal equation it becomes much more flexible, 
and is able to fit a great many data which the restricted equation cannot fit: the 
Donaldson rat data and most other available data on growth from a little before their 
points of inflection . But these data do not meet any reasonable nutritional standards, 
and in most cases there is no justification for dividing the data into two parts at the 
point where the three constant equation first begins to fit. Since the data are in all 
probability faulty, and since we have every reason to believe that nutritionally in- 
hibited growth is very complex, the ability of the three constant equation to fit seems 
to be a positive disadvantage. The two constant equation is to be preferred in that 
it fits data expected to be simple, and data expected to be complex deviate from it in 
the manner to be expected. Furthermore while the reference point for time might 
differ in different species with different developmental histories, it is unlikely that it 
would properly differ for two sets of albino rats, yet this is what the three constant 
equation indicates for our data and the Donaldson data. 
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Stage or the extraembryonic tissues Asa practical criterion we propose the primi- 

tive streak stage” (MacDoweU et a/., 1927). 

We have gone even further and look upon the whole embryonic and pre- 
weaning growth period as a continuous series of changes in form and organiza- 
tion, with the characteristic structural pattern of the rat being approximately 
established only at the end of the suckling period; the primitive streak is only 
one of many stages in the series. It seems sufl5ciently rational that the refer- 
ence point of this period should after all be conception, where this series of 
changes is initiated, and in our rats on good diets an excellent fit is obtained 
using conception as the reference point. We must then have a second refer- 
ence point at a later age for the process of increase in size of the structural pat- 
tern (auxano-differentiation of Huxley) which was not in existence at concep- 
tion. We are unable, however, to suggest a reason for placing this reference 
point at birth rather than at some other time beyond the general fact that 
birth is an important event in the life of the organism. As we have already 
pointed out, the one obvious special point in the period of auxano-difPerentia- 
tion is the end towards which growth is directed — the attainment of the final 
definitive body structure and size — and at this point the reciprocal time scale 
has its zero point. 

The Bachman Equation ? — In its general form this equation is too difficult 
to fit to be of much practical usefulness, but if the special case with S 2 = 0 
should prove to be generally applicable to the second phase of growth it would 

^ On re-reading Backman’s papers we find that we had overlooked a rather im- 
portant point. In Backman (1931) two equations are mentioned — equation 1 of 
Table I above and another equation, which we can call equation 3, 

^ ^ na ^+®I In In* T 

dr 

both referred to as “meine Formel” and used interchangeably as though they were 
the same equation. The discussion at the end of the 1931 paper of the mathematical 
properties of the Backman equation refers to equation 1, while some of the data are 
fitted to equation 1 and some to equation 3. The very clear and straightforward 
presentation of “die Backman’sche Formel” in the two papers in 1938 refers entirely 
to equation 1 and no further mention is made of equation 3. Relying principally 
on these papers we missed the other equation, which is unfortunate because our log 
reciprocal equation is a special case of it, with so the same as our In k , si equal to 
—2, S 2 equal to zero. In a sense therefore the log reciprocal equation is not new, 
although as such it has not before been described by Backman or others. We have 
tried out this equation 3 on our data and find that it is no more successful than equa- 
tion 1 in fitting the entire post-natal period of growth. The additional terms and 
adjustable constants do not improve the fit to the post-weaning data over that for 
the log reciprocal equation. 
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have much to recommend it. One feature is its parallelism in form with the 
log log equation which has been found to fit embryonic and pre-weaning 
growth so satisfactorily. 

Inir-K'inrH-lnC 
ln(A-ir) = Klnr-»-lnC 

Another feature which may or may not be valuable is the fact that a good fit 
results when the reference point for time is placed at conception. We prefer 
the log reciprocal equation on the basis of present knowledge because of its 
greater simplicity — it has one less adjustable constant — its greater ease of 

A 

application, its relation with heterogony, the useful growth function In ^ 

and the interesting behavior of its time scale in becoming zero at the logical 
reference point for the auxano-differentiation process. 

SUMMARY 

The equation 

k' 

In IT *= — - + In A 

fits the growth of well nourished rats from weaning on. The general properties 
of the equation, and particularly its relation with the law of relative growth, 
are discussed. 
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The results of a series of investigations of the chemical nature of antibodies 
and antitoxins (Avery, 1915), (Gay and Chickering, 1915), (Felton, 1932), 
(Chow and Goebel, 1935), (Chow and Wu, 1937), (Kirk and Sumner, 1931, 
1934), (Heidelberger and Kendall, 1936), (Pope, 1938), (Pope and Healey, 
1939), (Petermann and Pappenheimer, 1941) have shown that these substances 
are proteins closely related to the normal serum proteins. Since they possess 
special properties not exhibited by the normal serum proteins they must have 
some special chemical structure but the nature of this structure still remains 
entirely unknown. The first step in an attempt to determine the structure 
is the isolation in pure form of the antitoxin. Chow, Goebel, Heidelberger, 
and their coworkers have obtained pneumococcus antibodies which were pure 
in the sense that they were completely precipitated by the specific carbo- 
hydrate. Petermann and Pappenheimer (1941) have isolated diphtheria 
antitoxin which was homogeneous by electrophoresis and ultracentrifuge but 
was not completely precipitated by diphtheria toxin. 

Many antibodies form precipitates with their antigens and dissociation of 
this precipitate has frequently been used as a method of purification. Ramon 
(1922) found that diphtheria toxin precipitates when mixed in certain pro- 
portions with diphtheria antitoxin and was able (1923) to obtain some anti- 
toxin by dissociating the complex in slightly acid solution. Pope and Healey 
(1939) and Petermann and Pappenheimer (1941) dissociated the complex by 
digestion with pepsin^ at pH 3.0. 

Pepsin attacks the antitoxin (Parfentjev, 1937) as well as the toxin and it 
seemed possible that a more homogeneous preparation might be obtained by 
using trypsin which, so far as is known, attacks only the toxin. If trypsin is 
added to a solution of the toxin-antitoxin complex in dilute acid and the solution 
then neutralized the toxin is destroyed and 30-60 per cent of the original anti- 
body may be recovered. The antibody recovered in this way is 90 per cent 
or more precipitated by toxin; it is homogeneous in the ultracentrifuge or 

1 Preliminary experiments indicate that tetanus antitoxin may be purified in this 
way. 
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in the electrophoresis cell. The molecular weight of this antibody is 90,500 
(Rothen, 1941) while antibody which has not been treated with trypsin has 
a higher molecular weight. Trypsin, therefore, digests part of the antitoxin 
as well as the toxin just as does pepsin (Petermann and Pappenheimer, 1941). 
This preparation corresponds closely to that obtained by Petermann and 
Pappenheimer. The solubility of this prejmration is not constant, however, 
but varies with the amount of solid showing that at least two proteins are 
present, both of which react with toxin. The preparation may be further 
purified by fractional precipitation with ammonium sulfate. The most soluble 
fraction has constant solubility and appears to be a pure protein. It crystal- 
lizes readily in poorly formed thin plates. This protein is 90 per cent or more 
precipitated by diphtheria antitoxin and has about 700-900 antitoxin units 
per milligram protein nitrogen by the flocculation test and about 700 units per 
milligram by the animal protection test. 

The preparation is homogeneous by electrophoresis or ultracentrifuge 
(Rothen, 1941). The protein is quite unstable and changes rapidly into a 
slightly less soluble form which does not crystallize and has a longer floccula- 
tion time but which has about the same antitoxic titer. This form is stable 
between pH 3.0 and 9.0. The carbohydrate content, calculated as glucose, 
is about 3 per cent. 

Precipitation of purified antitoxin and crude toxin takes place over a wider 
range of concentrations than does the precipitation of crude antitoxin. Pre- 
cipitation of pure antitoxin with purified toxin takes place over a very wide 
range and the soluble zone in the region of toxin excess disappears. 

The toxin-antitoxin complex is soluble in the absence of salt and in solu- 
tions more alkaline than 7.0. This solution is precipitated by positive ions. 
The concentration of ions required to precipitate decreases as the valence 
increases. The reaction of toxin plus antitoxin, therefore, consists of two 
steps, as does the agglutination of bacteria. The first step is the formation 
of a compound. This is the specific part of the reaction. The precipitation 
of this compound then depends upon the salt concentration and hydrogen 
ion in the same way as does the precipitation of other colloidal suspensions. 

The purified antitoxin does not precipitate with serum of rabbits immunized 
against normal horse serum. Guinea pigs sensitized with purified antibody 
react when injected with very small amounts of antibody but require very 
large amounts of normal serum to cause shock. 

Experimental Results 

1. Action of Trypsin on Toxin and Antitoxin . — ^Diphtheria toxin is rapidly digested 
by trypsin whereas antitoxin is not. If trypsin were added to a solution of toxin- 
antitoxin, therefore, it would be expected that the toxin would* be digested and that 
the complex would then dissociate until all the toxin was destroyed. This does 
not occur but instead there is a slow formation of non-protein nitrogen with no 
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TABLE I 

Digestion of Toxin-Antitoxin wUh Trypsin at pH 8,0 
100 ml. antidiphtheria plasma (SOO £//mL) mixed with 1 liter diphtheria toxin (50 jL//ml.). 
Stood 25®C. 24 hrs., decanted. Precipitate suspension centrifuged and precipitate washed 
three times with m/20 pH 7.4 phosp^te buffer. Washed twice with water. Precipitate 
stirred with 100 ml. water. Gelatinous mass dissolved slowly to slightly opalescent solution. 
Titrated to pH 8.0 with NH4OH. 0.05 mg. trypsin N/ml. added. Stood at 25®C. An- 
alyzed for non-protein nitrogen. 5 ml. -f- 0.5 ml. m/2 pH 7.4 phosphate. Stood 25®C. for 
hour and filtered. Filtrate analjrzed for antitoxin. 


Time at 25*0. 

Protein nitrogen/ml. 

Non-protein nitrogen/ml. 

L//ml. filtrate after 
precipitation at pH 7.4 


mg. 



0 

0,96 

0.06 

0 

18 hrs. 

0.70 

0.30 

<40 


Same solution, boiled before addition of trypsin 

0 

0.90 



10 min. 

0.40 



1 hr. 

0.30 



24 hrs. 

0.20 




TABLE II 

Toxin- Antitoxin + Acetic Acid pH 4,0 {No Trypsin) 


200 ml. antidiphtheria plasms (500 L//ml.) 

2000 ml. toxin (45 L//ml.) at 25®C. 
for 24 hrs. Decanted. Precipitate sus- 
pension -f 10 gm. Hyflo. Filtered and 
washed two times with m/10 pH 7.4 
phosphate, washed two times with 
water. Precipitate suspended in 300 ml. 
water -h 13 ml. 2 n acetic acid and fil- 
tered. Filtrate clear, pH 4.0-4. 1 (brom 

cresol green) 24 hrs., 5°C 

50®C. 20 hrs. 4- 200 ml. water -f- 6 ml. 5 n 
NH# (pH 7.2), precipitate + Hyflo. 

Filtered. Filtrate 

400 ml. No. 2 -f 150 ml. saturated ammo- 
nium sulfate. Precipitate. Stood 25°C. 
+ 3 gm. Hyflo. Filtered. Precipitate 

4- n/10 pH 7.4 phosphate 

50 ml. No. 3 + 20 ml. saturated ammonium 
sulfate (0.35 saturated) sight precipitate 
+ Hyflo. Filtered. Precipitate + 
phosphate 

Filtrate 


No. 

Vol. 

PN/ml. 

L//ml. 

Total 

I//PN 



mg. 




1 

200 

1.0 

(450) 

(90,000) 


2 

400 

0.04 

30 

12,000 

700 

3 

50 


200 

10,000 


4 

10 

/0.26 

\0.32 

/2OO 

tl50 

2,000 

500 

5 

70 

0.16 

150 

10,000 

900 
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measuisble liberation of antitoxin (Table I). If the toxin-antitoxin solution is 
boiled before the addition of trypsin it is rapidly digested. These results show 
that the toxin-antitoxin is not a denatured protein and suggest that the complex 
does not dissociate at pH 7.Q-8.0. 

Pappenheimer has shown that diphtheria toxin is unstable in acid and is rapidly 
denatured on the acid side of pH 6.0 and this observation has been confirmed in 
the course of this work. The toxin-antitoxin complex dissolves on the acid side 

TABLE in 

DigesHan of Toxin-AtUUoxin from Crude or Purified Antitoxin at pH 3,5 and 7,4^ 25°C, 
Toxin-antitoxin from plasma. Prepared same as in Table II except not washed with 
distilled water. Suspended in n/ 10 pH 7.4 phosphate. 0.30 mg. P.N./ml. 

Toxin-antitoxia from purified antibody. 5000 Z/ units toxin mixed with 5000 units 
purified antitoxin. Precipitate decanted and washed with n/10 pH 7.4 phosphate. Sus- 
pended in n/20 pH 7.4 phosphate. Total N/ml. 0.16 mg. 

20 ml. of suspension in n/10 pH 7.4 phosphate buffer titrated to pH 3.7 -f- n/10 hydro- 
chloric acid. 0.05 mg. trypsin N/ml. added. Analyzed for non-protein nitrogen. Titrated 
to pH 7.2, stood 2-7 hrs. Filtered. Filtrate analyzed for non-protein nitrogen and antitoxin. 


Time 

pH 

Toxin-antitoxin from plasma and toxin | 

Toxin-antitoxin from purified antibody 

Total 

N/ml. 

Non- 

protein 

N/ml. 

P.N./ 

ml. 

Lflm\. 

Total 

N/ml. 

Non- 

protein 

N/ml. 

P.N./ 

ml. 

Lf /ml. 

krs. 



mg. 

mg- 


mg. 

mg. 

mg. 


0 

3.7 

0.38 

0.05 

0.33 

(200 equiva- 

0.16 

0.06 

0.10 1 

(200 equiva- 






lent) 




lent) 

2.5 

3.7 


0.08 

0.30 



0.06 

0.10 





Titrated to pH 7.2 





0 

7.2 


0.08 

0.30 



0.06 

0.10 


1 

7.2 


0.20 

0.18 



0.065 

0.095 


3 

7.2 


0.19 

0.19 



0.075 

0.085 




Heavy precipitate. Filtered. Fil- 

Very slight precipitate. Filtered. 


I 

trate 




Filtrate 




7.2 

0.26 1 

0.19 1 

0.07 1 

80 

0.16 1 

1 0.07 1 0.09 

1 80 



Filtrate from 

control solution, no 

Control solution, no tr 3 rpsin 



trypsin 










0.05 1 

0 

0 



1 0.04 

40 


of about pH 4.7 and if it were dissociated it would be expected that the toxin would 
be denatured and the antitoxin liberated. When crude toxin is precipitated with 
antitoxin and the entire suspension made acid and then alkaline, no precipitate ap- 
pears, indicating that the toxin may have been destroyed. If the experiment is 
repeated with washed toxin-antitoxin in buffer, however, the precipitate reappears 
on neutralization. It is possible to recover some toxin by heating such an acid 
solution of toxin-antitoxin, as Ramon stated (Table II) but the 3 rield is quite low. 
However, if tr 3 q)sin is added to such an acid solution of toxin-antitoxin formed from 
either pure or crude antitoxin and the solution then neutralized, little or no pre- 
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cipitate occurs and the antitoxin is free in solution, whereas the toxin has disap- 
peared. 

Analysis of such solutions (Table III) shows that a rapid increase in non-protein 
nitrogen occurs as soon as the solution is brought back to pH 7.2. In the case of 
the toxin-antitoxin from crude antitoxin the increase amounts to nearly half the 
total protein nitrogen originally present while in the case of toxin-antitoxin from 
purified antitoxin the increase is much less. In both cases about one-third of the 
total antitoxin present is recovered free from toxin. This is similar to Pappen- 
heimer’s results with pepsin which appears to attack the antibody as well as the 
toxin. Since tr 3 rpsin does not attack antitoxin alone nor toxin-antitoxin unless it 
is first acidified, the results indicate that the toxin-antitoxin complex is changed 
by acidification and that it is then hydrolyzed by trypsin in such a way as to destroy 
the toxin and also part of the antitoxin molecule. 

If purified antibody, obtained by dissociating the toxin-antitoxin complex with 
acid alone (c/. Table 11) is mixed with tr 3 q)sin some of the protein is digested but 
there is also a loss of antitoxin. These results indicate that tr 3 rpsin hydrolyzes the 
toxin-antitoxin complex in a different way from that in which it hydrolyzes either 
the toxin or antitoxin alone. The toxin-antitoxin complex acts in this respect like 
a distinct protein rather than a loose combination of toxin and antitoxin. This 
result confirms Heidelberger and Kendall’s assumption that the toxin-antitoxin 
complex is a definite chemical compound. The reaction is peculiar in that a pro- 
tein is left after the reaction is completed. This is also the case in the clotting of 
milk by either pepsin or chymotrypsin and also in the formation of pepsin, trypsin, 
or chymotrypsin from their precursors. All other proteolytic reactions, however, 
result in complete destruction of the protein. 

Effect of Varying Conditions on the Amount of Antitoxin Recovered 

The digestion of toxin-antitoxin just described is affected by the following 
variables: pH, time at each pH, concentration of salt, kind of salt, temperature, 
concentration of toxin-antitoxin, and concentration of trypsin. Obviously determina- 
tion of strictly optimum conditions with such a large number of variables would in- 
volve an enormous number of experiments. Preliminary experiments showed that 
the time of standing in acid and also the pH of this acid solution made little differ- 
ence so long as the toxin-antitoxin complex was dissolved (Table IV). Trypsin 
may be added before neutralization or immediately afterwards without affecting 
the yield. If the toxin-antitoxin complex is allowed to stand at pH 7.2 for several 
hours and trypsin then added, no antitoxin is recovered. The same results are ob- 
tained with toxin-antitoxin from either plasma or from purified antibody, except 
that in the latter case a small amount of antibody may be recovered without tr 3 q)sin 
if the solution is allowed to stand for 20 hours or more in acid. The concentration 
of trypsin may be varied from 0.01 to 0,5 mg. per ml. without affecting the percentage 
of antibody recovered. The yield is the same with 0.5 m phosphate as with 0.05 m 
phosphate but if the solution is acidified with acetic acid and then neutralized with 
ammonia the yield is much less. The yield of antibody recovered without trypsin, 
however, is greater in acetic acid. The yield is the same at temperatures from 
10-40°C. except that the reaction is slower at the lower temperatures. 
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The yield increases as the concentration of toxin-antitoxin decreases but below 
about 0.5 mg. protein nitrogen per ml. the increase in yield is small. 

An outline of the method as finally worked out for handling large quantities of 

TABLE IV 

Yield of Antitoxin Recovered after Various Times of Standing at pH 3.7 and pH "^.4 with or 

without Trypsin 

Antidiphtheria plasma mixed with equivalent volume of toxin, stood 24 hrs. 25'’C., centri- 
fuged. Precipitate washed two times with n/10 pH 7.4 phosphate. Suspended in n/10 
pH 7.4 phosphate, volume equal to that of plasma. 25 ml. -f- 25 ml. n/10 hydrochloric acid 
(pH 3.7) 2 hrs. 5®C. as noted. 5 ml. -f- 1 ml. n/2 pH 7.4 phosphate. Stood at 25°C. 0.05 
mg. crystalline trypsin nitrogen per ml. added as noted. 


Toxin-antitoxin from antidiphtheria plasma 


Time at pH 3.7-4.0 

Time at pH 7.2-7.6 

Per cent original 
antitoxin recovered 

hours 

hours 

Without trypsin 

With trypsin 

Without trypsin 

With trypsin 

0 

0 

0 

24 

0 

0.01 


0 

4 

25 

0.0 

0.01 

0 

4 

30-50 

1 


0 

4 

30-50 

0 

1 

0 

4 

50 

7 


0 

4 

35-50 

0 

7 

0 

4 

50-70 

24 


0 

4 

35-50 

0 

24 

0 

4 1 

50-70 

0 

24 

0 

24 

50-70 

1 


0.15 

24 

25 

1 

0 

0.50 

24 

30 

1 

0 

4 

24 

0 

1 


24 

24 

0 

24 

0 

24 

0 

10 


Toxin-antitoxin from purified antibody 



0 

0 


50-60 


0 

0 


50-60 


0 

0 

24 

50-60 


0 

24 

0 

15 

0 

0 

4 

4 

<10 


material is shown in Table V. All filtrations were carried out with suction using 
No. 3 Whatman paper and large Buchner funnels so that the final filter cake is not 
more than a few millimeters thick. If smaller filters are used the filtration may be 
slow. 

Six different lots of antidiphtheria plasma and toxin have been used in the course 
of the present experiments. The results in general have been the same but the 
per cent of the original antitoxin recovered after treatment with trypsin varied from 
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20-^ per cent. It is not possible to state at present whether this variation is ac- 
cidental or is caused by differences in the toxin or antitoxin preparation used. 

The precipitate (3P) which forms after neutralization consists partly of unchanged 
toxin-antitoxin and a further 20-40 per cent antitoxin may be recovered by treating 
this precipitate as described for the original toxin-antitoxin suspension. 

Filtrate No. 3 from this precipitate contains 20-60 per cent of the original anti- 
body and has a titer of 300-400 Lf /mg, protein nitrogen. The protein in this solu- 
tion is 90 per cent or more precipitated by toxin. The solubility of the protein in 
this preparation, however, varies markedly with the quantity of solid present; in 
fact, about as much as docs the solubility of serum globulin. 

The protein may be further fractionated by precipitation with ammonium sulfate 
(Table V). 

Most of the antibody is soluble in 0.33 saturated ammonium sulfate but precipi- 
tates at 0.5 saturated ammonium sulfate, as found by Pappenheimer and by Pope 
for antibody prepared by pepsin digestion. The fraction soluble between 0.33 and 
0.60 saturated ammonium sulfate has a titer of from 500-700 flocculation units 
milligram protein nitrogen, or by the animal protection test. (The writer is indebted 
to Dr. W. E. Bunney at E. R. Squibb and Sons, New Brunswick, N. J., for carrying 
out this determination.) It is strictly homogeneous in the ultracentrifuge with a 
sedimentation constant of 5.7 X lO'’^^ The diffusion constant is 5.50 X 10“^ 
cm.^/sec.“^ and the molecular weight is 90,500 (Rothen, 1941). The material shows 
only one boundary in the electrophoresis cell at pll 7.3 or 3.0. (In dilute phosphate 
or veronal buffer there is some reversible spreading but measurements of electro- 
endosmosis of this buffer in the microscopic cataphoresis cell (Northrop and Kunitz, 
1925) show marked flow of water at the glass liquid interface. Addition of m/20 
calcium chloride, as is to be expected, completely prevents the electroendosmosis and 
also abolishes the reversible spreading.) This fraction probably corresponds closely 
to the preparation obtained by Pappenheimer and by Pope. 

The solubility of this fraction, however, still varies markedly with the amount of 
solid (Fig. 1, second curve) showing that more than one protein is present in spite of 
the fact that it is homogeneous by ultracentrifuge and electrophoresis. This result 
is simply another example of the fact that the solubility method, which is theoretically 
identical with the classical melting point method, will distinguish between closely 
related proteins which are indistinguishable by other methods. Thus Landsteiner 
and Heidelberger (1923) found that hemoglobin from donkey and horse could be dis- 
tinguished by this method although serologically they are extremely similar. Crystal- 
line pepsin (Herriott, Desreux, and Northrop, 1940) prepared without special purifica- 
tion, is strictly homogeneous by electrophoresis or ultracentrifugation but does not 
have constant solubility and may be shown to contain several different proteins. Mix- 
tures of samples of chymotrypsinogen of different solubilities are indistinguishable 
by electrophoresis (Butler, 1940) as are mixtures of pepsin and iodinated pepsin 
(Herriott, 1941) although in the latter case the solubilities are very different. Egg 
albumin from closely related species is also indistinguishable by the electrophoresis 
technique although they may be distinguished by serological tests (Landsteiner, 
Longsworth, and van der Scheer, 1938). 

Since the solubility of the solid in a dilute suspension is different from that in a 
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TABLE V 

Preparation of Pure Diphtheria Antitoxin 


33 liters diphtheria toxin + 4 liters 
antidiphtheria plasma, 25**C. 24 

hrs 1 

Siphon off supernatant, precipitate 
suspension + 25 gm. Hyflo per 
liter, filter and wash precipitate 
3 times with 1 liter m/10 pH 7.4 
phosphate. Precipitate stirred 
+ 5 liters 0.05 m KHsP 04 t titrate 
to pH 3.5, + 2.5 gm. crystalline 
trypsin. Stand 25^C. 24 hrs. 

Filter. Titrate filtrate to pH 7.4, 

cbudy 2 

No. 2 + 700 ml. saturated ammo- 
nium sulfate (0.1 saturated) -f 
60 gm. Hyflo, filter. Filtrate 

clear 3 

Precipitate 3P 

No. 3 + 2.3 liters saturated ammo- 
nium sulfate (0.33 saturated) -f 
50 gm. Hyflo. Filter. Precipi- 
tate (0. 1-0.3 fraction) 4 

Filtrate 5 


37 liters 3 60 2 X 10> 20 


No. 5 + 2.1 liters saturated ammo- 
nium sulfate (0.45 saturated) 2 
hrs. 25°C. + 50 gm. H 3 rflo. Fil- 
ter. Precipitate (0.33-0.45 frac- 
tion) 6 

Filtrate 7 

No. 7 + 1500 gm. ammonium sulfate 
(0.65 saturated) lO^C. Settle. 
Decant supernatant. Precipitate 
suspension + 20 gm. Filter-cel. 

Filter. Precipitate 8 

Precipitate 8, stir + 3 liters (0.5 
saturated ammonium sulfate, 

0.05 M PO 4 pH 7.4), filter. 

Filtrate 9 

3 liters No. 9 + 60 ml. (2.5 N HsS 04 » 

0.5 saturated ammonium sulfate) 

25®C. 1 hr. + 20 gm. Filter-cel. 
Filter. Filtrate 10 


6.3 liters 0.3 100 6 X 10® 350 


6.8 Uters 0.17 70 5 X 10® 400 


1 X 10® 350 

8. enters 0.10 4 X 10® 500 


2 X 10® 450 

11 Uters 0.03 20 2 X 10® 700 


2 X 10® 700 


3 Uters 0.07 1.5X10® 

3 Uters 0.05 1 X 10® 
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TAliLK V~- Concluded 


Titrate No. 10 to pH 6.8, stir in 
saturated ammonium sulfate 
slowly until silky precipitate 
forms (about 200 ml. saturated 
ammonium sulfate). Stand 6°C. 
24 hrs. Decant and centrifuge. 
Precipitate suspension, needles, 
plates and some amorphous. 
Suspend in 50 ml. 0.5 saturated 
ammonium sulfate 

No. 1 1 -f 10 ml. water (clear) -f 
saturated ammonium sulfate till 
slightly turbid. Stand 25*^0. 2 
hrs., thin plates, no amorphous. 
Stand 25''C. 24 hrs., centrifuge. 
ITcciintate -f 20 ml. 0.5 satu- 
rated ammonium sulfate. I’re- 
cipitate suspension 

No. 12 + 5 ml. water + saturated 
ammonium sulfate slowly until 
slightly turbid. Stand 25''C. 1 
hr., heavy precipitate thin plates. 
Centrifuge. Dissolve preciintatc 
+ 10 ml. water. 


Vol. 

P\ i 


ml. 

ml 


ntK. 


i 

50 ml. 

1 0 

i 1 

/ 650 
\700 j 

i 

i 

1 

; 

i 

20 ml. 

i 

i 

1.0 

/MK) • 

i \700 

1 

1 

10 ml. 

1.0 

[650 

\700 


Total Lf 


mK PN 


5 


X 10‘ 


1 650 
\7(X) 


1.2 X 10* 


[f)00 

\700 


6 X lO'"* 


/650 

\700 


concentrated one, the composition of this solid must be different and hence a i)artial 
separation has been effected. On paper it is only necessary, therefore, to repeat the 
solubility experiment until a pure protein of constant solubility is (»btained.“ 
Actually, however, this cannot be done .since the yield is small and the substance too 
unstable. The fraction soluble in 0.5 saturated ammonium sulfate but not at 0.65 has 
more nearly constant solubility, indicating that the more soluble fraction could be 
more easily ])urified than the less soluble. A very small amount of a protein having 

2 If the protein is a solid solution of two proteins and obeys Raoult’s law then the 
maximum change in com|X)sition which can be obtained in one step is from F to CF 
when F is the original ratio of the two constituents and C is the ratio of their solu- 
bilities in the solvent used (Northrop and Kunitz, 1930). If a solvent could be found 
in which the solubility of one component wasO, then the separation would be complete 
in one step. For this reason it is to be expected that a better separation will be ob- 
tained in a solvent in which the total solubility is small and this is the case. A similar 
result was obtained in the case of pepsin (Ilerriott, Desreux, and Northrop, 1940). 
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constant solubility (bottom curve, Fig. 1) was eve?itually o!)tainc(l by extracting with 
one-half saturated ammonium sulfate followed by precipitation at pH vS.vS as shown 
in the table. This ])rotein is homogeneous by electrophoresis and ultracentrifuge and 
fulfills the criteria for a pure i)rotein. 

Inspection of the solubility curves shows that only sample ‘4SHt2 had strictly 
constant .solubility. 'Fhe other sam|)les tested all showed minor discrej)ancies al- 



Fio. 1. Solul)ility curves of various antitoxin fractions. I'he protein nitrogen 
per milliliter in solution is plotted against the total |)rotein nitrogen concentration. 
The solid lines are the theoretical curves for a solid phase of one com|)onent. 


though the curves are better than those of other proteins with the exce|)tion of chymo- 
trypsinogen, trypsin, and pepsin. The determinations were all made with the 
amorphous i)rei)aration since some decomposition occurs during crystallization and 
the crystals do not have as good a solubility curve. 4'he .samples tested in J^'ig. 2 were 
analyzed within a few hours after their preparation. 

Solutions of the protein crystallize readily in the form of thin, more or less irregular 
plates (Fig. 2). These plates resemble very closely the first crystals of ribonuclease 
isolated by Kunitz (1940). On longer standing or on recrystallization the ribonuclease 
crystals become beautifully regular, whereas the antibody crystals remain about 
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the same.'* I'he first crystals which appear are the best and after a few hours crystal- 
lization stops. On recrystallization the same process is rejieated. Crystals form 
rapidly and are as good as would be expected under the conditions but instead of im- 
proving on standing the crystallization again stops, 'fhe protein in the mother liquor 
cannot be crystallized and has a low solubility very much like that of the O.S-O.C 




Fu;. 2. Crystals tif diphtheria antitoxin. 




fraction from which the ])ure protein \Nas originally isolated (Fig. .S). At the same 
time, the time required for ilocculation increases, when the antitoxin is mixed with 


•* Large well formed prisms have appeared in two preparations after 3-4 months^ 
standing. 'Phese preparations had been sealed with vaseline under a cover slip on a 
slide. The original poorly formed plates disappear as the larger crystals develop 
indicating that the large crystals are either the antibody itself or a decomposition 
product. It has not been possible so far to prepare enough of these crystals to test 
for antibody content. 
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toxin, although the final titer remains the same (Table VI). The results show that 
the pure protein is very unstable and is rapidly transformed to a slightly less solulile 
form. The presence of this form prevents crystallization. Most protein solutions, 
if allowed to stand in strong salt solution, form thin plates on the surface which may 
settle subsequently and which resemble somewhat the antitoxin plates. These sur- 
face films differ, however, in that they are more irregular and are usually spotted with 



Fig. 3. Effect of standing in 0.4 saturated ammonium sulfate pH 7.0 on solubility 
of crystalline antitoxin in (0.5 saturated ammonium sulfate, 0.05 M pil 7.4 phosphate). 
Upper curve — solubility after 1 hour at 25°C. Lower curve— after 24 hours. 


TABLE VI 


Increase in FlocciUation Time of Purified Antibody on Standing at ^5X\ 


1 ml toxin 
(45 Lf/m\ ) + 

0.2 

0 25 

0 3 

0 4 ml 87-1 (0 5 
saturated ammonium 
sulfate extract) 

Time at 25*C 


Time for ilocculalion 50®(' 


day^ 

min 

min. 

min. 

min 

0 


10 

10 

12 

1 

45 

15-18 

15-18 

20 

2 

40 

17 

15 

17 

4 


20 

14 

LS 


irregular markings. In addition the formation of the antitoxin plates is greatly ac- 
celerated by inoculation of the supersaturated solution while the formation of surface 
plates is not. Under these conditions crystallization may be practically complete in 
YiXjo \ hour and it can be seen that the jdates are formed in the body of the solution 
and not on the surface. The plates are faintly doubly refractile when observed with 
the Nicol prism and analyzer. An intense light is necessary as, owing to the thinness 
of the plates, the double refraction is slight. The straight lines in the photograph are 
not needles, but the edges of the plates. This is clearly evident under the microscope. 
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The plates are slightly less soluble than the amorphous form although the difference 
is much less than is the case with pepsin. 

These results indicate that the plates from saturated solution of this protein are 
true crystals although final decision depends on the results of x-ray analysis. 

TABLE Vn 

Per Cent Protein Nitrogen Precipitated from Various Samples of Antitoxin by Crude or 

Purified Toxin 

5 ml. crude or purified toxin solution added to various samples of antitoxin containing 
equivalent number of units in n/10 pH 7.2 phosphate. Protein nitrogen per ml. deter- 
mined. 50°C. 20 hrs. 25®C. 48 hrs. Centrifuged and protein nitrogen determined in super- 
natant (turbidity). 


Sample No.. 

S1A41 

86-S 

86B1 

86-25 

86A16 

90-13 


Globu- 







lin 

0. 1-0.3 

0-0.35 

0.4-0.5 

crystals 

(2 X ppt. 


fraction 

sat. a.s. 

sat. a.s. 



+ 



frac- 

frac- 



toxin) 



tion 

tion 




L/Zmg.P.N 

ISO 

500 

250 

800 

750 

900 


Crude toxin 

Total P.N., mg 

2.25 

0.75 

1.1 

0.60 

0.60 

0.48 

P.N. in supernatant, ''mg 

1.95 

0.06 

1 0.12 

0.03 

0.06 

0.07 

Per cent P.N. in supernatant. . 

86 

8 

1 10 

5 

10 

14 

Per cent P.N. in precipitate 

14 

92 

1 90 

95 

90 

86 


Purified toxin (Pappenheimer) 

Antitoxin P.N., mg 

2.0 

0.72 


0.48 

0.50 

0.50 

Toxin P.N., mg 

0.11 

0.22 


0.22 

0.22 

0.14 

ToUl P.N., nig 

2.11 

0.94 


0.70 

0.72 

0.64 

P.N. in supernatant, mg 

1.97 

0.04 


0.048 

0.08 

0.03 

Per cent total P.N. in super- 







natant 

93 

4 


7 

11 

4 

Per cent P.N. in precipitate 

7 

96 


93 

89 

96 


Precipitation of Various Fractions of Purified Antitoxin by Crude 
and Purified Toxin 

Mixtures of diphtheria toxin and antitoxin precipitate over a rather narrow range 
of concentrations when allowed to stand. Preliminary experiments showed that 
precipitation increased for 10 or 15 minutes at 50®C. but after 20 hours remained con- 
stant. The experiments shown in Table VII were made at the equivalent point; 
t.e., with that proportion of toxin and antitoxin which first precipitates. The results 
with other mixtures near this range are not significantly different. 

The first sample, S1A41, was a globulin fraction prepared directly from antidiph- 
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theria plasma without pxtvious precipitation with toxin. It had an antitoxin titer 
of about ISO units per mg. protein nitrogen and only about 7 per cent of the total 
nitrogen was found in the precipitate. This figure, of course, is subject to a large 
error since it is determined by difference. The other preparations represent different 
fractions obtained by fractional precipitation with ammonium sulfate and have anti- 
toxic titers var 3 dng from 250 units per mg. protein nitrogen to 900. However, as 
Table VII shows, 90 per cent or more of the total protein nitrogen is precipitated 
from all of these preparations. The table also shows that the amount of protein 
nitrogen left in the supernatant when crude toxin is used is about the same as when 
purified toxin is used. Evidently the protein in the crude toxin preparation used was 
practically all toxin protein. 

It follows from these determinations that the various fractions must combine with 
different quantities of toxin. 0.72 mg. protein nitrogen of 86-5, which is the fraction 
obtained between 0. 1-0.3 ammonium sulfate precipitated 0.22 mg. of toxin protein 
nitrogen, a ratio of about 3 to 1, whereas the preparations having a higher antitoxic 
titer precipitate an amount of toxin protein equivalent to about one-half the antitoxin. 
These figures are somewhat uncertain owing to the fact that some protein nitrogen is 
not precipitated and it is not possible to say whether this is antitoxin protein or toxin 
protein or partly both. The precipitate has no measurable solubility in m/20 phos- 
phate buffer and it seems unlikely that the protein remaining in solution was really 
due to the solubility of the precipitate. Since the precipitate appears to be com- 
pletely insoluble it follows that the quantity formed will be independent of the volume 
and this is the case as Heidelberger and Kendall (1935) have previously found. How- 
ever, this would be true of any insoluble precipitate and it does not seem possible to 
draw any conclusions from this result concerning the composition of the precipitate. 

Kekwick and Record (1941) have obtained partially purified antitoxic preparations 
by means of electrophoresis which also showed varied combining ratios with toxin 
and have suggested, therefore, that there are at least two antitoxins. The present 
experiments confirm this conclusion. 

The Effect of the Purity of the Preparations on the Precipitation Zone 

The precipitation of crude diphtheria toxin with antitoxin is peculiar in that the 
precipitation range is narrow. For this reason the titration is accurate to about ± 20 
per cent. The precipitation of crude or purified toxin solutions with different dilu- 
tions of antidiphtheria plasma or purified antibody is shown in Tabic VIII. The table 
shows that with crude toxin and antidiphtheria plasma only one tube shows complete 
precipitation; f.e., cither twice as much plasma or one-half as much plasma does not 
give a flocculent precipitate. When crude toxin is precipitated by purified antibody 
the range of precipitation is doubled and it requires a larger excess of antibody to 
prevent precipitation. For this reason the titration of purified antitoxin is much less 
accurate than the titration of antidiphtheria plasma. When purified toxin is mixed 
with purified antibody the range is extended so that complete precipitation occurs 
even in the presence of an excess of antibody which is equivalent to four times the 
toxic equivalent and extends far down into the region of excess toxin. These and the 
preceding experiments indicate that a possible cause for the varying composition of 
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toxin-antitoxin complexes is due to the fact that there are more than one toxin and 
more than one antitoxin. 

The purified toxin used in these experiments was kindly supplied by Dr. A. M. 
Pappenheimer, Jr. It was homogeneous by electrophoresis or ultracentrifuge but 
may still have contained more than one protein since its solubility has not been tested 
(Petermann and Pappenheimer, 1941). 

TABLE Vin 

Precipitation of Antidiphtheria Plasma or Purified Antibody with Crude or Purified Toxin 

1 ml. toxin solution containing 40 L//ml. in n/10 pH 7.4 phosphate mixed with 1 ml. 
various antitoxin preparations diluted as noted with n/10 pH 7.4 phosphate and allowed 
to stand at 25'’C. 


Time at 
2S*C. 




Amount of precipitation 












Dilution of plasma 

1 

1/2 

1/4 

1/8 

1/16 

1/32 

1/64 

1/168 

hrs. 


Crude toxin + crude antibody 

1.5 


— 


++ 

c 

+ 

— 

— 

— 

24 


— 

+ 

++ 

c 


— 

— 

— 



Crude toxin -f- purified antibody 750 L//mg. P.N. 

1.0 


— 

_ 1 

+ + 

c 

+ 

— 

— 

— 

24 


— 

+ 

c 

c 

+ 

— 

— 

— 



Purified toxin -f purified antibody 

1.0 


+ 

+++ 

c 

c 

+ 

— 

— 

— 

24 


+ 

c 

c 

c 


c 

c 

+++ 


Effect of Salts on the Precipitation of Toodn- Antitoxin 

The formation of toxin-antitoxin precipitates is similar in many respects to the 
specific agglutination of bacteria. In the case of bacterial agglutination it has been 
repeatedly shown that (Bordet, Joos, Bechold, Forges, Forges and Prantschoff , North- 
rop and DeKruif (cf. Topley and Wilson, page 154)), the reaction takes place in two 
steps. The first step is the combination of antibody with the bacterial cell. This is 
the specific step in the reaction and, as Heidelbcrger and Kendall’s (1935) results 
indicate, is very likely a chemical reaction. In the absence of electrolytes and espe- 
cially in slightly alkaline solution no agglutination takes place. However, if electro- 
lytes are now added to such sensitized suspensions, agglutination occurs and the 
effect of the electrolytes may be predicted from the effect of electrolytes upon colloidal 
suspensions in general. Such suspensions are characterized by the fact that they 
are agglutinated by ions having an opposite charge from the particles and that the ag- 
glutinating concentration decreases rapidly as the valence of the ion increases. This 
observation was originally made by Hardy and applies to the oil droplet (Powis, 
1924), collodion particles coated with denatured egg albumin, or denatured proteins 
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in general (Loeb, 1924), or sensitized bacteria (Northrop and DeKruif, 1922). This 
valency effect of salts is quite distinct from the effect of salts on solutions of crystal- 
loids or on the solubility of native proteins. It appears to be characteristic of antigen- 
antibody complexes that the solubility or stability of the complex is determined by 
the electrical charges as is the stability of colloidal suspensions in general, while the 
solubility of the antigen or antibody separately may be affected by electrolytes in an 
entirely different way and in the same way as are solutions of crystalloids or native 
proteins. 

If toxin-antitoxin complex is formed from antidiphtheria plasma and crude toxin 
and then washed repeatedly with dilute phosphate buffer it remains completely in- 

TABLE IX 

PrecipikUion of Solution of Toxin- Antitoxin in Water by Add and Salts 
Sample 142-5 (7.5 mg. P.N./ml.) diluted 1/20 with water-clear — ^No. 1. 

2 mL No. 1 “h 0 0.1 0.2 0.3 0.5 0.7 1.0 ml. n/4, 000 acetic acid. 

Precipitation — 4* + ++ C C -f 

pH (brom cresol purple) 7.6 6.6 6.55 6.5 6.45 6.4 6.3 


1 ml. No. 1 + 1 ml. various salt solutions pH 7.4 in n/SO pH 7.4 veronal buffer; dilutions made with water. 



soluble. If this precipitate is then washed repeatedly with distilled water it becomes 
gelatinous and finally dissolves. The solution in distilled water alone at about pH 7.0 
is more or less opalescent but at pH 8.0-9.0 it is quite clear and resembles a solution of 
denatured protein. If electrolytes or acid are now added to such a solution precipita- 
tion occurs and the concentration of electrolytes required decreases rapidly with the 
valency of the positive ion (Table IX). The results in general are exactly similar 
to those obtained with the oil droplets, etc. described above. In addition, acid causes 
precipitation over a narrow range of pH of about 6.4-6.5, the width of this range 
depending upon the concentration of the solution. 

As in the case of bacteria, therefore, the toxin-antitoxin complex behaves in regard 
to salt precipitation like a preparation of denatured serum protein as Shibley (1926) 
has emphasized in connection with bacterial agglutination. In the case of the toxin- 
antitoxin complex, however, the protein is probably not denatured since the results of 
the experiments with trypsin digestion previously described (Table I) show that this 
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complex is not attacked by trypsin, whereas if it is boiled the complex is rapidly di- 
gested. Trypsin attacks native proteins slowly if at all so that the failure of trypsin 
to digest the toxin-antitoxin complex indicates that the protein is still native. 

Stability of Purified Antitoxin 

The experiments described in connection with the crystalline antitoxin show that 
the strictly homogeneous protein is extermely unstable and changes very rapidly to a 
slightly less soluble form. After this preliminary change, however, the preparation 
is quite stable over a pH range of 2.0-8.5. Within this range little or no loss of ac- 

TABLE X 

. InacUvaUon of Purified Diphtheria Antitoxin at Various pH 

Purified antitoxin (0.4 saturated-f).5 saturated ammonium sulfate fraction) in n/10 pH 
7.4 phosphate and 0.05 saturated ammonium sulfate; P.N./ml. 0.5 mg. 5 ml. plus noted 
ml. sodium hydroxide or sulfuric acid. Stand 25®C. 1 ml. sample -f 4 ml. n/2 pH 7.4 
phosphate and titrated against crude toxin. 


Ml. 2 N sodium hydroxide 
Ml. 1 N sulfuric acid. . . . 

1.0 

0.5 

0.25 

0.1 

0 

0.2 

0.5 

1.0 

2.0 

pH (colorimetric) 

<1.0 

<1.0 

1.5 

3.6 

7.4 

8.0 

8.5 

9.0 

9.8 

Time at 25*C. 

L//ml. after standing at 25*C. as noted 

hrs. 










0.25 

m 


400 

400 

400 

400 

400 

[200 

|300 

[200 

\150 

24 



200 


f350 

\400 

[350 

\400 

[350 

\400 

[200 

\250 

150 

Precipitation after 24 hrs. 

+++ 



- 

- 

- 

+ 

+-f 

++ 


tivity is observed in 24 hours at 20°C. (Table X). In more alkaline or more acid solu- 
tions precipitation occurs and there is marked loss in antitoxic value. 

Carbohydrate Content of the Antibody Preparations 

Petermann and Pappenheimer (1941) have found that the carbohydrate content 
of purified antibody prepared by digestion of the toxin-antitoxin complex by pepsin 
is higher than in crude antibody fractions prepared directly from immune serum. The 
carbohydrate content of the antibody fraction prepared by the present method does 
not appear to differ significantly from that of antitoxin prepared by fractionation 
direct from antisera (Table XI). Some variation was found in the carbohydrate con- 
tent and one preparation, 62-2, gave 3.4 per cent. This variation in the carbohydrate 
content and the general character of the preparations suggests the possibility that a 
part, at least, of this carbohydrate, is derived from the serum mucoid and is not a 
part of the antitoxin molecule itself. However, all attempts to reduce the carbo- 
hydrate content below about 2 per cent have been unsuccessful. 
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The RdaUon of the Purified Antibody to the Proteins of Normal Serum 

It has frequently been suggested that antibodies are formed by a slight modification 
of normal serum proteins. They are, however, extremely closely related to them as 
evidenced by the fact that some of Pappenheimer’s preparations, which contain less 
than one-half antibody, were homogeneous by electrophoresis and ultracentrifuge, 

TABLE XI 

Glucose Content of Various Antitoxin Preparations 


Per cent glucose analysed according to Sfifrensen and Haugaard (1933) compared with standard glucose 

solutions 


Sample 

51A41 

86-25 

86A67 

62-2 

90-15 

0.4-O.S frac- 

0.4-0.5 sat- 

Purified 

Purified 

Antitoxin 


tion from 

urated 

toxin once 

toxin two 

precipi- 


antidiph- 

ammo> 

crystal- 

times 

tated two 


theria 

plasma 

nium sul- 
fate frac- 
tion from 
purified 
antitoxin 

lized 

crystal- 

lized 

times with 
toxin 

Per cent glucose 

2.4 

2.0 

2.4 

2.8 

3.4 

. 

2.8 


TABLE XII 

Fractional Precipitation of Antidiphtheria Plasma or Normal Plasma and Pure Antitoxin with 
Varying Concentrations of Ammonium Sulfate 


Ammonium sulfate 
concentration 

Antidiphtheria plasma 

Normal plasma + purified antitoxin 

Normal 

plasma 

Per cent 
P.N. 

Per cent 
Lf 

L//P.N. 

Per cent 
P.N. 

Per cent 
If 

L//P.N. 

Per cent 
P.N. 

per cent saturated 

Original 

(100) 

(100) 

30 

(100) 

(100) 

10 


0-35 

44 

10 

10 

45 

<10 

<10 

40 

35-45 

19 

50 

75 

8 

50 

60 

10 

45-55 

9 

40 

100 

6 

30 

50 

10 

5S-65 

25 

<10 


30 

<10 


40 


and also by the fact that the antibody can only be separated from the normal proteins 
by fractional precipitation with extreme difficulty. 

If the purified antibody obtained by the action of trypsin were different from 
the form in which it occurs in the original immune plasma, it might be expected that 
the purified antibody could be separated from normal plasma more easily than the 
naturally occurring antibody can be separated from the proteins of immune plasma. 
In order to test this assumption antidiphtheria plasma containing about 500 antitoxic 
units per ml. and an ^'artificial” immune plasma containing the same number of anti- 
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toxic units prepared by adding purified antitoxin to normal plasma, were precipitated 
by var3dng concentrations of ammonium sulfate. The results of the experiment are 
shown in Table XII. It is evident that the antitoxin distributes itself in the same 
way in both cases since the percentage of the original antitoxin found in the various 
fractions is within the limits of error the same. The antitoxic titer per milligram of 
protein nitrogen of the various fractions is also about the same and it is just as difficult 
to concentrate the antitoxin from the ‘^artificial” immune plasma as from natural 
immune plasma. 

Immunological Relations of the Purified Antitoxin to Normal Serum 

Some of the immimological properties of the purified antitoxin have been deter- 
mined by Dr. Carl TcnBroeck. The serum of a rabbit immunized against normal 
horse serum gave a precipitate with 1/4,000 ml. normal horse serum (containing about 
0.002 mg. protein nitrogen) but gave no precipitate with 1 ml. of a solution of purified 
antibody containing 1/10 mg. protein nitrogen. 

Guinea pigs sensitized by the subcutaneous injection of 0.003 mg. of purified anti- 
body nitrogen gave a typical anaphylactic reaction 3 weeks later when 0.05 mg. of 
antibody protein nitrogen was injected intravenously. Similarly sensitized guinea 
pigs failed to react to normal horse plasma diluted 1 : 10, but 4 out of 6 reacted to the 
normal undiluted plasma containing 0.5 mg. of protein nitrogen. 

The purified antitoxin is, therefore, antigenically distinct from the normal serum 
proteins. The fact that guinea pigs sensitized with purified antibody react with 
large amounts of normal horse serum probably indicates the presence of minute 
amounts of normal protein in the purified antibody preparation. Extremely minute 
amounts arc sufficient to sensitize an animal and it is quite possible that such minute 
amounts of normal protein could be carried through the various steps of purification. 

Experimental Methods 

Protein Nitrogen , — 1 ml. sample containing from 0.01-0.10 mg. protein nitrogen 
was added to 9 ml. (2.5 per cent trichloracetic acid, 10 per cent saturated ammonium 
sulfate) and boiled. The suspension was allowed to cool and the turbidity measured 
against a standard suspension of purified antibody in a Klett photoelectric colorimeter. 
The standard suspension was analyzed by micro-Kjeldahl. The values for protein 
nitrogen in the purified samples are accurate to ± 5 per cent but those of the crude 
preparations and especially of the plasma fraction may be in error by 20-30 per cent 
since the turbidity factor varies with different proteins. 

Flocculation Test . — Varying quantities of the solution to be tested were added to 
1 ml. of toxin solution which had been titrated against a standard antibody prepara- 
tion. The tubes were immersed in a 50®C. water bath and the end-point taken as 
that tube which first showed a flocculent precipitant. With antidiphtheria plasma 
this method is accurate to ± 20 per cent but with purified antibody the precipitation 
range is much wider and the error may be =fc 20-30 per cent. 

Solubility Determination. — 50-100 mg. of the sample were precipitated by 0.5 
saturated ammonium sulfate, centrifuged, and the precipitate stirred with 5 ml. 
(0.5 saturated ammonium sulfate, 0.05 m pH 7.4 phosphate buffer) and centrifuged. 
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This process was repeated until the protein nitrogen per ml. of the supernatant was 
the same in two successive supernatants. The solid is now in equilibrium with this 
solution (r/. Butler, 1940). 0.1, 0.2, 0.5, 1.0, and 2.0 ml. of the suspension are placed 
in small centrifuge tubes and the volume of each made up to 3 ml. with the above 
solvent. The tubes are allowed to stand with occasional stirring for 2 hours. 0.1 
ml. samples are removed for determination of total protein nitrogen, the tubes centri- 
fuged, and the supernatant analyzed for protem nitrogen. It is possible to make a 
complete solubility curve with 6.0-10 mg. protein nitrogen and all of this may be 
recovered except for the amount actually used in the analytical samples. 

The analyses reported were carried out by Miss Elizabeth Shears. 

SUMMARY 

Purified preparations of diphtheria antitoxin have been obtained by di- 
gestion of the toxin-antitoxin complex with trypsin, followed by fractional 
precipitation with ammonium sulfate. The various fractions obtained in 
this way are all 90 per cent or more precipitated by diphtheria toxin but com- 
bine with different quantities of the toxin. 

The fraction precipitated between 0.33 and 0.5 saturated ammonium sul- 
fate is homogeneous by electrophoresis and ultracentrifuge but does not have 
constant solubility. 

A small amount of a more soluble fraction has been obtained which does 
have constant solubility and satisfies the criteria of a pure protein. This 
protein crystallizes readily in poorly formed thin plates. It is very unstable 
and reverts to a less soluble non-crystallizable form. It has a sedimentation 
constant of 5.7 X 10“^* and a molecular weight of 90,500. It has an anti- 
toxic value of 700-900 flocculation units per mg. protein nitrogen and has 
an antitoxic value by the protection test of about 700 units per mg. protein 
nitrogen. 

The precipitation range of the purified antitoxin with purified toxin is 
much wider than that with crude preparations. 
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PURIFIED DIPHTHERIA ANTITOXIN IN THE ULTRACENTRIFUGE 
AND IN THE ELECTROPHORESIS APPARATUS 

By ALEXANDRE ROTHEN 

{From the Laboratories of The Rockefeller Institute for Medical Research) 
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Several preparations of diphtheria antitoxin of different degrees of purity 
described by Northrop (1) in the preceding article were investigated in the 
ultracentrifuge and in the electrophoresis apparatus. The main object was 
to test the homogeneity of the materials and also to obtain a value for the 
molecular weight of the purified antitoxin. 

Ultracentrifuge Studies, — ^At the time this investigation was started, the 
only ultracentrifuge studies reported on diphtheria antitoxin were those of 
Pappenheimer, Lundgren, and Williams (2) and of Paic (3). The molecular 
weight of antitoxin arrived at by Pappenheimer and coworkers was 184,000, 
whereas Paic, in a very indirect way, estimated that the size of antitoxin was 
between that of serum albumin and serum globulin. It soon became evident 
that the preparations obtained by Northrop with trypsin digestion were homo- 
geneous in the ultracentrifuge, but that the value of the sedimentation con- 
stant, 5.5 X 10“^* was considerably smaller than the value s^^^^ = 

7.2 X 10”^^ found by Pappenheimer et at. Since then, Petermann and Pappen- 
heimer (4) obtained by pepsin digestion an antitoxin fraction which was homo- 
geneous in the ultracentrifuge, with a sedimentation constant = 5.7 X 
10~^® but only 33 per cent of the material was specifically precipitated by toxin. 
Tiselius and Dahl (5) found also very recently that a pepsin-digested fraction, 
prepared according to Pope, was homogeneous in the ultracentrifuge with a 
constant of sedimentation = 5.4 to 5.9 X 10”^®. The results which 
were obtained in the present study are summarized in Table I. 

The samples of antitoxin obtained by treatment of the toxin-antitoxin 
complex with trypsin had different antitoxin titer by the flocculation test. 
They were also completely precipitated by toxin (Northrop (1), Table VII). 
However, it is apparent from the table that they all had very nearly the same 
constant of sedimentation, 5.5 X The difference between the 

highest value, 5.7, and the lowest, 5.3, is probably not significant, especially 
if one considers that the value 5.3 was obtained in an experiment with a high 
protein concentration. The sedimentation constant for the crystalline mate- 
rial was = 5.65 X 10~“. It seems probable that the preparations con- 
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TABLE I 
SedimentaHon Data 
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TABLE l-Conduded 


Sample 

Northrop corre- 
sponding sample 

Concentration 

protein 

Medium 

pH 

1 

B 

1 ^11 

1 

1 

1 

12. Normal 

Fract. 45-55, 

per 

cent 

0.9 

Phosphate 

7.3 

1.0112 

milli- 

poise 

10.46 

*c. 

19.04 

6.20 

6.86 

plasma glo- 
bulin frac- 
tion 

13. Normal 

Table XII 

Fract. 45-55, 

0.9 

0.05 11 
plus 1 per 
cent 

(NH4)iS04 

Phosphate 

7.3 

1.0112 

10.76 

18.66 

6.25 

6.98 

plasma glo- 
bulin frac- 
tion 

14. No enzyme 

Table XH 

Table IX 

0.24 

0.05 li 
plus 1 per 
cent 

(NH4)2S04 

Acetic acid 

3.6 

1 

1.0025 

10.15 

19.7 

(5.98 

\8.40 

f6.26 

\8.80 

toxin-anti- 
toxin com- 
plex 



0.05 It 






sisted of several proteins of the same molecular size and shape but which re- 
acted with different amounts of toxin. 

Experiments performed with antitoxin preparations obtained without 
trypsin treatment are summarized in the second half of Table I. All prepara- 
tions, whatever their titer in antitoxin, have the same sedimentation constant, 
6.8 X 10”^®. For example. Experiment 12 was carried out with a 
fraction obtained from normal plasma, the material of Experiment 8 con- 
tained only IS per cent antibodies, whereas the ratio Z//PN, of the material of 
Experiment 11, was as high as that found for the purest sample obtained by 
trypsin digestion (900 Ly/PN). However, the sedimentation constant of 
the three specimens was the same within experimental error. Some of the 
sedimentation patterns can be seen in Fig. 1. 

It is worth mentioning that Kekwick and Record ( 6 ) recently came to the 
conclusion that there were at least two distinct diphtheria antitoxins, one 
present in the jS-globulin and the other in the 7 -globulin fraction of horse 
serum. They reported that the constant of sedimentation of the j 8 -fraction 
was 7.18 X 10”^*, whereas that of the 7 -fraction was 6.87 X 10~^® in agreement 
with the value reported here. Experiment 14 was made with the toxin-anti- 
toxin complex dissolved in 0.05 m acetic acid. Two components could be 
detected in roughly the same amount, but the sedimentation constants cor- 
responded neither to toxin nor antitoxin. 

The diffusion constant was determined optically as previously described 
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(7). The measurements were made at 20® with the same sample, and the 
same medium used for Experiments 3 and 4 of Table I. The concentration 

in protein was 0.3 per cent. The diffusion constant was calculated from 
52 

D — - — — I — , where 5 is the diffusion area in cm.*, t the time in seconds, and 

4T<Oniax. 

ffnuuc. the maximum height of the curve in centimeters. It was found, for this 



Fig. 1. All patterns obtained during the course of each sedimentation experiment 
have been superimposed on the same plate, a, and c refer to Experiments 2, 3 and 12 
respectively (see Table I). A trace of the heavy component = 18.0 X lO”^* 
can be seen in Fig. 1 c, 

particular medium, Ao = 5.56 X 10~^ from which the calculated value = 

5.76 X 10-^ 

Data have been summarized in Fig. 2 where the values ~ are plotted against 

t. As required by the theory, a straight line is obtained which extrapolated 
passes through the origin, which shows that no disturbance occurred at the 
time of formation of the boundary. This had been observed by Longsworth 
(8) who used the linear relationship H against l/V? to represent his results 
on the diffusion of egg albumin. As seen from the diagram, seven “diffusion 
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areas” were determined; the relative values of the areas have been indicated 
inside the patterns, the constancy of the values is satisfactory. Since the 

ordinates of the diagram represent the ^ values, the relative heights H have 

been indicated for each pattern. 

Molecular Weight of the Purified Trypsin-Treated Antitoxin 

RTs 

The molecular weight was calculated from the usual formula M . 

D{\ - Vp) 

with the numerical values, = S.02 X 10““ (Experiments 3 and 4), 

= 5.56 X 10"^, V 20 = 0.749, pso = 1.0107, from which M = 90.500. 
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Fig. 2. Diffusion data. 

Tk' '““V- - ^ w» 1,23. 

Petermann and Pappenheimer reported for their pepsin-treated sample 

= 5,8 X 10-^ ^ = 1.22, and M = 98,000. 

/« 

It can then be (included that the antitoxin molecule obtained by pepsin 
treatment has the same size and shape as the pure antitoxin obtained by trypsin 
treatment. The statement of Petermann and Pappenheimer that, “the in- 
crease in immunological potency of the digested antitoxin is directly propor- 
tional to its decrease in size,” does not seem to hold in the case of the trypsin- 
treated antitoxin since, as mentioned above, the fraction used in Experiment 
11 with a sedimentation constant of 6.84 X 10““ was as active as the pure frac- 
tion of Experiment 6 with a sedimentation constant of 5.65 X 10““. 

Electrophoresis Experiments. — Some of the results obtained can be seen in 
Fig. 3. Fig. 3 a represents the pattern of the descending boundary obtained. 
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205 minutes after the beg inn i ng of electrolysis, with the fraction used for 
centrifugation Experiment 7 (pH 2.9, specific conductivity 0.01095 at 0®). 
One component was present with a mobility u = 4.05 X 10~*. Current was 
reversed for 205 minutes and the pattern appeared as seen in Fig. 3 a'. There 
was no appreciable reversible spreading. Figs. 3b, 3c, 3d, correspond to 
fractions respectively 6, 8, and 12 of Table V of Northrop’s article (1). The 
samples were dialyzed in the same phosphate bufrer pH 7.3, 0.05 M (specific 
conductivity 0.00336 at 0®). Pictures b, c, and d were taken after electrolyzing 
for 3 hours, 3 hours, and 2i hours respectively (8 volts/cm.). After reversal 



a b 



a' b' 

Fig. 3. Electrophoretic patterns of purified trypsin-treated antitoxin. 

of the current electrolysis was continued for the same respective times and 
the appearance of the patterns was as shown in Figs. 3b', 3d, 3d'. Only 
one component could be detected moving veiy slowly towards the anode with 
a mobility « = —0.4 X 10^. There was, however, a considerable amount 
of reversible spreading in all three samples, especially in No. 6. It has been 
often suggested that reversible spreading observed during electrophoresis of 
a protein near its isoelectric point is a measure of its electrical homogeneity. 
Since, in this case, the amount of reversible spreading was the same in two 
samples, one of them with constant solubility properties, the question arose 
whether another cause than heterogeneity could account for the reversible 
spreading. As suggested by Northrop (1), the phenomenon might be con- 
nected with electroendosmosis. Experiments were then made with samples 
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of fraction 8, one being dialyzed in veronal buffer m/15, pH 7.2 (specific con- 
ductivity 0.00273 at 0®), the other in veronal buffer m/15 plus m/20 CaCls, 
pH 7.1 (specific conductivity 0.00841 at 0°). Both electrophoresis experiments 
were carried out with a current density of 0.027 amp./cm.^ and the periods 
were so chosen as to make the products e X f the same in both cases. Results 






II a' 



Id" la" Hd" II a" 


Fig. 4. Electrophoretic patterns of purified trypsin-treated antitoxin, demon- 
strating the effect of salts on reversible spreading. 

can be seen in Fig. 4. I refers to veronal buffer, II refers to veronal plus 
CaCla buffer, "a” and “d” stand for ascending and descending boundaries, la 
and Id show the boundaries before electrolysis, la' and Id' after 85 minutes 
of electrolysis, and la^ and Id" 87 minutes after reversal of current. The 
amount of reversible spreading is considerable and the difference in the pattern 
of the rising and descending boundary is small. Ila and Ild are the initial 
boundaries, Ila' and Ild' are the boundaries 240 minutes later, Ha" and lid", 
the boundaries 240 minutes after reversal of the current. The amount of 
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reversible spreading is small. The presence of CaCla has diminished the 
spreading. 

It can be concluded that reversible spreading in this case is not a measure 
of the homogeneity of the material. 

Some electrophoresis experiments were conducted to find out how different 
the pattern of an immune plasma would be from that of a normal plasma to 
which some purified trypsin-treated antibodies had been added. Dilute 
samples of normal plasma, immune plasma, and normal plasma to which was 
add^ the same number of units present in the immune plasma, were dialyzed 
against the same phosphate buffer, pH 7.3, 0.04 m (specific conductivity 0.00356 



c b a 

Fig. 5. Electrophoretic patterns of normal plasma, immune plasma, and normal 
plasma plus purified antibodies. 

at 0^). After dialysis, the samples of immune plasma and normal plasma plus 
antitoxin, contained about 250 units per milliliter. Electrolysis of each of 
the three samples was carried out with a current density of 0.027 amp./cm.* and 
the appearance of the pattern after hours can be seen in Fig. 5 ; a corresponds 
to the normal plasma, b to the immune, and c to the normal plus purified anti- 
toxin (all descending boundaries). The differences are sharply marked. The 
addition of purified antitoxin has slightly enhanced the amount of the 7 - 
globulin component of the normal plasma, whereas the pattern of the immune 
plasma is very different. There is a slight decrease of albumin, as so often 
noticed with immune plasma, a small increase of a- and jS-globulins, and a 
very large one of 7 -globulin, so large, in fact, that it prevented the resolution of 
the fibrinogen component. The important conclusion to draw is that the 
large amount of 7 -globulin present in the immune plasma contains either 
antibodies of much lower activity besides the pure antitoxin isolated, or a 
largo amount of inert protein. 
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Measurement oi the area under the different maxima of the patterns permits 
estimating the concentration of the corresponding components. As can be 
seen from Table II, the concentration of the 7-globulin fraction plus antitoxin 
in the immune plasma is 1.65 per cent as compared to 0.6 per cent for the cor- 
responding fraction of normal plasma, plus purified antitoxin, having the 
same total immunological potency. 

It appears from Table II that the large 7-fraction of the immune plasma 
has an average mobility nearly twice that of the 7-fraction of the normal 
plasma plus antitoxin. Since the fibrinogen component was not resolved in 
the pattern of the immune plasma, definite conclusions cannot be made. It 
is worth mentioning that Tiselius and Dahl ( 5 ) found that their immune glob- 


TABLE II 

Electrophoresis of Dilute Whole Plasma 


Protein constituent 

Normal plasma 

Immune plasma 
(250 units)/ml. 

Normal plasma plus 
purified antibodies 
(250 units)/ml. 

Concen- 

tration 

Mobility 

Concen- 

tration 

Mobility 

Concen- 

tration 

Mobility 



-uxm 

Per cent 

-K X 

per cent 

-uXJO^ 

Total 


— 

4.8, 

— 

3.65 

— 

Albumin 


4.9 

1.4 

4.4 

1.65 

5.2 

a-Globulin 

0.40 

3.2 

0.53 

2.9 

0.40 

3.3 

iS-Globulin 

0.39 

2.5 

0.78 

1.8 

0.40 

2.6 

Fibrinogen 

0.48 

1.5 

0.4( 


0.42 

1.4 

7-Globulin, antibodies 

0.43 

0.4 

1.6, 

mm 

0.64 



ulin fraction with a mobility of 2.0 to 2.4 X 10 ~® was gradually transformed, 
by treatment with pepsin, into a component merging into the 7-fraction. 

UUracentrifuge . — The apparatus previously described was used. The con- 
trol of the temperature of the rotor has since been greatly improved. Follow- 
ing a suggestion of Dr. Macinnes of these laboratories, the possibility of making 
sedimentation experiments at low temperature was investigated. A cooling 
coil connected with a commercial frigidaire unit was installed inside the vacuum 
chamber. The chamber was insulated by two concentric cylinders of polished 
chrome-plated copper sheets which were placed between the cooling coil and 
the wall. Both steel end-plates of the vacuum chamber were insulated by 
discs, also made of chrome-plated sheets. Temperature of the rotor was 
measured by bringing the junction of an iron-constantan couple into contact 
with the rotor. This could be accomplished while the chamber was evacuated 
because the thermoelement was mounted on a rod which could move vertically 
through an air-tight bearing. With this arrangement the rotor could be kept 
at any temperature between — 5 ° and room temperature. In order to facilitate 
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heat exchange, a pressure of 0.15 mm. of hydrogen was maintained in the 
chamber for high speed centrifugation. All experiments were made at 57,600 
R.P.M. Under these conditions the temperature of the rotor could be kept 
constant or nearly constant for hours if the temperature of the chamber was 
about 10® lower than that of the rotor. For instance, the temperature of the 
rotor during Experiment 12 (Table I) was 18.8® before centrifugation and 
19.3® after a 2 hour run at 57,600 r.p.m., an increase of only 0.25® per hour, 
five times less than under a vacuum of 10~® mm. of Hg. 

The rate of sedimentation was determined by the Philpot-Svensson 
‘‘Schlieren” method. In a few cases measurements were duplicated with the 
Lamm “scale*' method. Both methods gave the same value for the calculated 
constant of sedimentation within dt 0.2 per cent. 

SUMMARY 

Ultracentrifugation studies of diphtheria antitoxin showed that: 

1. Purified antitoxin of high activity obtained from horse plasma without 
enzymatic treatment has exactly the same sedimentation constant as the 
globulin fraction obtained in a similar way from normal horse plasma = 
6.9 X 10-'^ 

2. Purified antitoxin obtained with trypsin digestion of the toxin-antitoxin 

complex has a sedimentation constant of S20 = 5.5 db 0.1 X 10^^®, a diffusion 

constant of DS? = 5.7^ X 10“^^, and a molecular weight of about 90,000. 

Electrophoresis experiments demonstrated that: 

1. The trypsin-purified antitoxin has an isoelectric point not far from pH 7.0. 

2. The reversible spreading noticed at about pH 7.3 cannot be attributed 
to heterogeneous preparation. 

3. The large increase in the 7-globulin fraction occurring during immuniza- 
tion consists either of antitoxin of various degrees of activity or of some inert 
protein in addition to the antitoxin. 
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The inactivation of plant viruses by enzymic action has been reported by 
several investigators (1-5). The inactivation may be irreversible as in the 
case of pepsin where virus protein is hydrolyzed (3) or reversible as in the 
case of trypsin where the inactivation appears to be due in part to a decreased 
susceptibility of the test plant in the presence of the enzyme (4). Besides 
its protein component tobacco mosaic virus also contains a ribonucleic acid, 
which thus far has proved necessary for virus activity. In experiments with 
phosphatase Pfankuch and Kausche (5) have demonstrated inactivation of 
tobacco mosaic and latent mosaic viruses and, although chemical proof was 
lacking, suggested that the loss of activity may be due to a splitting off of 
a phosphate group from the virus nucleic acid. It is unlikely that phos- 
phatase would affect the nucleic acid present in a virus particle because it 
has no demonstrable effect on the free nucleic acid itself (6). The crystalline 
ribonuclease recently isolated by Kunitz, on the contrary, splits yeast ribo- 
nucleic acid into particles which have a higher diffusion rate than free ribo- 
nucleic acid and are not precipitated by glacial acetic acid (7). It also pro- 
duces a similar change in the free virus nucleic acid and depending on the 
type of linkage between protein and nucleic acid in the virus might be ex- 
pected to split off a portion of the nucleic acid. Preliminary experiments 
showed that the virus was inactivated by relatively low concentrations of 
ribonuclease. Studies on the rate of inactivation, on the effect of different 
enzyme concentrations and of dilution of the inactive virus-enzyme mixtures 
on virus activity suggested that inactivation was brought about by a combi- 
nation of virus with ribonuclease. In more concentrated solutions and in 
the absence of salt, the virus-enzyme complex separated in the form of long 
fiber-like particles, which on analysis proved to contain about 14 per cent 
ribonuclease. That this inactive complex could be readily dissociated to 
give back virus was shown by recovery of about 100 per cent of the original 
virus activity from an inactive virus-enzyme complex and by the solubility 
behavior of the complex at different hydrogen ion concentrations. This paper 
presents the results of these experiments. 
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Effect of Ribonuclease Concentration on Virus Activity. — Preliminary experi- 
ments showed that the virus activity of solutions containing from 10^ to 
10^ gm. of purified tobacco mosaic virus per ml. was strikingly reduced by 
the presence of relatively small amounts of crystalline ribonuclease.^ In 
order to determine the effect quantitatively solutions were made up containing 
10^ and 10“*^ gm. of virus per ml. respectively and enzyme concentrations 
in steps of ten from 1.2 X 10”® gm. per ml. to 1.2 X 10^ gm. per ml. in 0.1 


TABLE I 

Effect of Ribonuclease Concentration on Virus Activity When Tested Immediately after Mixing 


Concentration 
(gm. protein per ml.) 

Phaseolus vulgaris* 

Nicotiana glutinosa* 

No. of lesions 

Concen- 
tration of 
control 

Per cent 

.ofl , 

original 

activity 

No. of lesions 

Concen- 
tration of 
control 
(gm. per 
ml.) 

Per cent 

.oft , 

original 

activity 

Virus 

Ribonuclease 

Mixture 

Control 

Mixture 

Control 


1.2 X lO-* 

4 

4 

10-7 

1.0 

40 

3 

10-7 

10 

10~* 

1.2 X 10-7 

39 

IS 

10-7 

2.6 

149 

3 

10-7 

so 


1.2 X 10-8 

135 

70 

10-8 

20 

138 

36 

10-8 

40 


1.2 X 10-» 

SSI 

394 

10-* 

140 

251 

203 

10-8 

125 


1.2 X 10^* 

6 

6084 

10-8 

0.1 

36 

312 

10-8 

10 

10“* 

1.2 X 10-* 

14 

6084 

10-* 

0.2 

133 

312 

10-8 

40 


1.2 X 10-« 

317 

6084 

10-8 

5 

424 

312 

10-8 

140 


1.2 X 10-7 

1489 

6084 

10-8 

25 

387 

312 

10-8 

130 


* With a concentration of 10"* gm. virus per ml., 10 to 16 half leaves were used for each 
mixture and its respective control: with a concentration of 10“* gm. virus per ml., 5 to 8 
whole leaves were used both for the test solution and the controls. 

t Calculated from the number of lesions obtained from the mixture and the control and 

their respective virus concentrations. Per cent original activity » — (mixtu ^ ^ 

No. of lesions (control) 

Concentration of virus (contro l) 

Concentration of virus (mixture) 

M phosphate buffer at pH 7 . The activities of these solutions were then com- 
pared immediately by the half-leaf method (8) on leaves of Nicotiana glutinosa 
L. and Phaseolus vulgaris L. var. Early Golden Cluster with concentrations 
of virus which gave approximately the same number of lesions. The ac- 
tivities of the solutions were then calculated as percentage activity of the 
original virus solutions in each case. These data which are summarized in 
Table I show that an enzyme concentration of 1.2 X 10”® gm. per ml. has 
little or no effect on virus activity at a virus concentration of lO"® gm. per 

^ The writer is indebted to Dr. M. Kunitz for the preparation of crystalline ribo- 
nuclease. 
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ml. In this more dilute virus solution a decrease in activity was observed 
with a concentration of 1.2 X 10“® gm. ribonuclease per ml. when tested on 
Early Golden Cluster plants but the effect was not pronounced until a con- 
centration of 1.2 X 10“^ or 1.2 X 10^ gm. per ml. was reached. Some differ- 
ence was observed in the behavior of the two types of test plants. As in 
earlier experiments with trjrpsin (4) the P. vulgaris plants were relatively 
more sensitive to the enzyme than N. glutinosa plants. With a virus concen- 
tration of 10^® gm. per ml., higher enzyme concentrations were required to 
show inactivation, indicating in the case of the more dilute virus solutions 
that the inactivation was not due entirely to a decreased susceptibility of the 



Fig. 1. Effect of time of standing on inactivation of tobacco mosaic virus by ribo- 
nuclease. 

test plants in the presence of ribonuclease. In this connection it is of in- 
terest to compare the enzyme concentrations which produced inactivation 
with the concentrations of trypsin and those of various inert proteins which 
cause an inhibition of virus activity as studied by Stanley (4) and Ross and 
Stanley (9), respectively. The amount of ribonuclease required to cause al- 
most 100 per cent inactivation is of the order of one-one hundredth the amount 
of trypsin and is about one-one hundred thousandth the amount of inactive 
proteins studied by Ross and Stanley (9), which produced about a 50 per 
cent inactivation. 

Rate of Inactivation of Virus . — ^The question of the effect of time on the 
inactivation of virus was studied by comparing the activity of virus-enzyme 
mixtures with suitable controls immediately and after they had stood at 
room temperatures for varying periods of time up to 10 days. The results 
of a typical experiment are shown in Fig. 1. The mixture consisted of virus 
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at 10^ gm. per ml. and enzyme at 1.2 X 10"^ gm. per ml. in 0.1 m phosphate 
buffer at pH 7. The control was a solution containing 10“* gm. virus per ml. 
The control virus solution and the enzyme-virus mixture in each test were 
inoculated on 12 half leaves of Phaseolus vulgaris var. Early Golden Cluster. 
In all cases the activity after standing was not significantly different from 
that of the solution when tested immediately after mixing. There was no 
suggestion, therefore, that the inactivation was due to a progressive hydrolysis 
of virus. 


TABLE n 

Effect of Dilution on Activity of Virus-Ribonudease Mixtures 


Phaseolus vulgaris* 


Vinis-cn^yme mixure 
(gm. protein per ml.) 

Dilution 

No. of lesions 

Concentration of 
control (^. per 

Per cent oft 
original 
activity 

Mixture 

Control 


Undiluted 

94S 

496 

10“* 

1.9 

Virus 10"* 

1-5 

987 

660 

10"‘ 

7.5 

Enzyme 1.2 X lO"^ 

1-10 

993 

430 

10-* 

23 


1-50 

370 

530 

10-‘ 

35 


1-100 

645 

897 

10-* 

70 


1-500 

212 

180 

2 X 10-* 

120 


1-1000 

47 

51 

10"« 

97 


Undiluted 

39 

53 

10-* 

0.07 

Virus 10“* 

1-5 

128 

33 

10-* 

2.0 

Enzyme 1.2 X 10“* 

1-10 

186 

40 

10-» 

4.6 


1-50 

233 

43 

10-® 

27 


1-100 

160 

71 

10-* 

22 


1-500 

139 

109 

10"» 

64 


1-1000 

120 

87 

10-* 

138 


* 12 to 16 half leaves were used for each mixture and its control solution, 
t Calculated as in Table I. 


EJ^ect of Dilution and the Reversal of Inactivation. — It is well known that 
the dilution of inactive antigen-antibody complexes in many cases causes a 
partial reactivation of the antigen. If the observed inactivation of tobacco 
mosaic were due to an unspecific combination of virus with ribonuclease or 
to an inhibitory or toxic effect on the plant, then reactivation of inactive 
mixtures might also take place with dilution. The activities of several virus- 
enzyme mixtures were therefore compared at various dilutions with control 
solutions containing the same amounts of virus activity in the absence of 
enzyme. These results are summarized in Table II. It may be seen that 
a mixture of enzyme and virus which contained only a fraction of 1 per cent 
of the original virus activity was fully active when the solution was diluted 
from 1 to 500 to 1 to 1000 times. 
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It seemed apparent from these experiments that if a virus-enzyme com- 
plex were formed, it was readily dissociated. Attempts were made to lestore 
the original specific activity of an inactive virus-enzyme mixture by repeated 
differential ultracentifugation. Free or combined virus would be expected to 
sefliment in a centrifugal field which would leave the uncombined enzyme in 
the su[)ernatant liquid. Re-solution of the pellet in dilute phosphate buffer 
and sedimentation would leave an additional portion of enzyme in the super- 
natant liquid and repetition of the process should finally result in the elimina- 
tion of all the enzyme. 


TABLE ITI 

Recovery of Virus Activity from an Inactive Virus-Enzyme Mixture by Repeated High Speed 

Centrifugation 

I No of lesions on Phaseolus vuUaris and activity 


Treatment 


Kxperiment I Experiment 2 


Mixture (‘ontrol ' 


Per cent 
of* 

oriKinal 
attiv ity 


Mixture Control 


Per cent 
' of 
original 
activity 


(1) 10“'’ gm. virus 2.7 X 10 ^ gm. nbonu- 

clcaso per ml. O' 234.^ 0 

(2) .Vbovc mixture centrifuged and sediment 


suspended in 0.1 M phosphate 
(.^) Solution of .sedimented virus from 
treated as in (2) 

(4) Solution of sedimented virus from 

treated as in (2) 

(5) Solution of sedimented virus from 

treated as in (2) 


127 

756 , 

17 

, 273 

1020 , 

27 

1193 

1761 

68 

, 635 

770 

82 

487 

670 

73 

' 476 

676 , 

70 

198 

325 

61 

' 680 

741 : 

92 


*No. of lesions (mixture) 
No. of lesion? (control) 


X 100. 


Experimental Procedure. — 0.21 ml. of ribonuclease solution containing 2.7 X 10“^ 
gm. ribonuclease per ml. was added to 14 ml. of purified tobacco mosaic virus contain- 
ing 1 mg. of virus ])cr ml. in 0.1 m phosi)hate buffer. This solution and the control 
containing an equal amount of virus were centrifuged in stainless steel tubes at 550 
R.p.M. for IJ hours and the supernatant licjuids were poured off. 10 ml. of 0.1 M 
j)hosphate at pH 7 were added to each tube and the virus pellets were redissolved. 
0.1 ml. samples were removed from each tube, diluted with 9.0 ml. of 0.1 M j)hosphate 
at pH 7, and inoculated by the half-leaf method on 12 to 16 leaves of Phaseolus 
vulgaris var. Early Golden Cluster. The remaining solution was subjected to three 
additional centrifugal cycles, samples being removed as described above after each 
sedimentation. 


After one sedimentation the specific activity of the sedimented material 
as shown in Table III was from 17 to 27 per cent that of untreated virus. 



502 


RIBONUCLKASE ACTION ON TOBACCO MOSAIC VIRUS 


After two sedimentations the activity was about 70 per cent and after four 
sedimentations the activity of the treated virus was about the same as that 
of the original sample. 

Crystallization and Analysis of Virus-Enzyme CVw/>/c.v. - When an enzyme 
solution was added to a solution of virus containing U) gm. per ml. or more, 
in 0.1 M phosphate buffer at pH 7, it was observed that a i)recipiUite formed 
which redissolved when the solution was mixed. When a dialyzed enzyme 
solution was added to a virus solution in the absence of salt, however, the 
precipitate which separated failed to redissolve. Microscopic examination 



Fig. 2. Fiber crystals of tobacco mosaic virus-ribonuclease complex. 240 X. 
Photographed in light and dark fields respectively. 


showed the i)recipitatc to consist of needles similar to those obtained when 
the purified virus is treated with ammonium sulfate. 'I'lic careful addition of 
enzyme to a stirred-virus solution in the absence of salt resulted in the separa- 
tion of long fibers as shown in Fig. 2. Nitrogen analyses of the suf)ernatant 
liquids obtained after successive additions of enzyme showed that the amount 
of soluble nitrogen decreased to a minimum which was almost zero and then 
as more enzyme was added the value increased. The j^recipitate was in- 
soluble in distilled water even after four washings in the centrifuge but could 
be dissolved readily by the addition of a trace of acid or alkali or phosifiiatc 
buffer at pi I 7. 

In order to determine whether or not the preeijntate consisted of virus 
alone or of virus in combination with enzyme or whether ffiiosphorus had 
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been split off, nitrogen and phosphorus determinations were run on the washed 
precipitate and on the supernatant liquid and washings from a known quan- 
tity of virus and enzyme. 

Experimental Procedure , — ^In Experiment 1, 0.2 ml. of an aqueous ribonuclease 
solution containing 2.84 mg. of ribonuclease nitrogen per ml. was added slowly with 
stirring to 10 ml. of tobacco mosaic virus solution containing 2.09 mg. of virus nitio- 
gen. The resulting precipitate was centrifuged at 2200 r.p.m., the sup>ematant liquid 
was carefully removed with a dropping pipette, and the precipitate was washed four 
times in the centrifuge with 2 ml. portions of distilled water. The first supernatant 
liquid and the washings were combined, and the insoluble precipitate resuspended 
in water was dissolved by the addition of a drop of 0.1 n NaOH. Aliquots of both 
solutions were then taken for nitrogen and phosphorus analyses. In Experiment 2, 

TABLE IV 

Distribution of Nitrogen and Phosphorus in Precipitate and Supernatant Liquid after Mixing 
Known Quantities of Virus and Ribonuclease 
2 .09 mg. of virus nitrogen + 0.568 mg. ribonuclease nitrogen 


Experiment 

Insoluble precipitate 

Supernatant liquid and 
washings 

Recovery 


Nitrogen* 

Phosphorus* 

Nitrogen 

Phosphorus 

Nitrogen 

Phosphorus 


mg. 

mg. 

mg. 

mg. 

per cent 

Per cent 

1 

2.43 

0.077 

mSm 

<0.001 

102 

103 

2 


0.074 

■B 

<0.001 

100 

99 


* Nitrogen and phosphorus determined by the methods of Levy and Palmer (10) and King 
(11) respectively. 


the same procedure was followed with the exception that the ribonuclease added 
was dissolved in 2 ml. of water. 

The results of two experiments are shown in Table IV. Because all the 
phosphorus was present as virus and was recovered in the precipitate, it can 
be concluded that the virus was quantitatively precipitated and that no nu- 
cleic acid was split off. A comparison of the nitrogen to phosphorus ratio 
of the precipitate with that of the original virus showed some additional 
enzyme nitrogen was also precipitated and was present in sufficiently strong 
combination to remain with the virus even after the precipitate had been 
washed four times. 

The fact that a relatively insoluble virus-enzyme complex can be prepared 
provides evidence that the loss of virus activity when enzyme is added to 
virus in the absence of salt is due at least in part to the formation of such a 
complex. A comparison of the relative isoelectric points of the virus, pH 3.5, 
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and the enz 3 mie about pH 8, shows that in a neutral solution such a complex 
would, in fact, be expected.* 


DISCUSSION 

The fact that no nucleic acid fraction is split off when ribonuclease is added 
to the active virus provides some insight into the type of combination between 
the protein of the virus and its nucleic acid and the nature of ribonuclease 
activity. Nucleic acid would appear to occupy an integral rather than a 
terminal position in the virus particle, for in the latter case hydrolysis by ribo- 
nuclease might be expected. Other evidence for such a hypothesis is the fact 
that the liberation of nucleic acid by treatment with alkali or urea is accom- 
plished only with the destruction of the large virus particle into much smaller 
protein and nucleic acid components, as shown by the low rates of sedimenta- 
tion of the split products (12, 13). In so far as ribonuclease activity is con- 
cerned it is evident that in the case of the tobacco mosaic virus nucleoprotein, 
ribonuclease fails to hydrolyze the linkage between nucleic acid and protein. 

The inactivation with ribonuclease appears to be comparable to that found 
for other proteins with high isoelectric points, and is probably related to the 
formation of complexes between oppositely charged protein particles. The 
complex between virus and ribonuclease appears to be of the same type as 
that reported by Bawden and Pirie (14) to result from the action of clupein 
and papain on tobacco mosaic virus and as the ovalbumin-nucleic acid com- 
plex described by Macinnes and Longsworth (15). The complex formed 
with tobacco mosaic virus unlike the latter, however, is insoluble in distilled 
water and gives the characteristic crystals or fibers. The solubility in salt or 
slightly acid or alkaline solutions suggests either partial or complete dissocia- 
tion under these conditions as is the case for the ovalbumin-nucleic acid 
complex. 


SUMMARY 

The reversible inactivation of tobacco mosaic virus by crystalline ribo- 
nuclease is reported. Studies on the effect of time of standing on the amount 
of inactivation, and on the effect of dilution and repeated high speed centri- 
fugation on the recovery of virus activity, and the preparation of an insoluble 
virus-enzyme complex show that the inactivation is brought about at least 
in part by a combination between virus and enzyme. The significance of the 
fact that ribonuclease has no detectable effect on the virus nucleic acid when 
the latter is in combination with protein in the form of virus is discussed with 
respect to the structure of the virus. 

* A similar insoluble complex was formed with the bushy stunt virus and ribo- 
nuclease but in this case the precipitate was not definitely crystalline. 
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AN ELECTROPHORETIC STUDY OF MIXTURES OF OVALBUMIN 
AND YEAST NUCLEIC ACID 

By lewis G. LONGSWORTH and D. A. MacINNES 
{From the Laboratories of The Rockefeller Institute for Medical Research) 

(Received for publication, December 4, 1941) 

INTRODUCTION 

In an ideal electrophoresis of a solution of two components the volumes 
swept through by the rising and descending boundaries due to each component 
are identical and are proportional to the mobilities of the separate components. 
Moreover, the area under each ^‘peak’’ in the electrophoretic pattern is pro- 
portional to the stoichiometric concentration of that component in the mixture 
to which it is due. In this ideal or limiting case the patterns for the two sides 
of the channel of the Tiselius electrophoresis cell are mirror images of each 
other. 

The two patterns are, however, never exact mirror images. The authors 
have already discussed^ the asymmetries, including the 6 and € effects, that 
are observed in the electrophoretic patterns of a single component and devia- 
tions of this type are, of course, to be expected in the electrolysis of mixtures. 
In the case, however, of some mixtures asymmetries were observed* which 
appeared to be due to interaction between the constituents. This led to the 
research, to be described below, in which the effect of interaction of components 
on electrophoretic patterns has been investigated further, using mixtures of 
ovalbumin and yeast nucleic acid. It is also the purpose of this paper to 
indicate a method for the electrophoretic analysis of mixtures in which certain 
types of interaction occur, and to discuss the manner in which the asymmetries 
in the electrophoretic patterns arise. 

EXPERIMENTAL 

The ovalbumin used in this research was prepared by the method of La 
Rosa^ and was recrystallized three times. The nucleic acid was a sample pre- 
pared under the direction of Dr. P. A. Levene of these Laboratories. This 
material was electrophoretically homogeneous, i,e, gave a single sharp peak, 

^ Longsworth, L. G., and Madnnes, D. A., /. Am, Chem, Soc,, 1940, 62| 705. 

* Longsworth, L. G., Cannan, R. K., and Madnnes, D. A., J. Am, Chem, Soc,, 
1940, 62, 2580. 

* La Rosa, W., Chemist-Analyst^ 1927, 16, 3. 
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other than the d and e effects, in the electrophoretic pattern. It was observedi 
however, that some of the acid was lost on dialysis in cellophane tubing. 
Hence it was necessary to dialyze for a definite interval and correct for the 
material lost. 

The patterns of Fig. 1 were obtained in the electrophoresis of a mixture of 
1.15 per cent ovalbumin, P, and 0.50 per cent nucleic acid, iV, in a 0.1 N sodium 
acetate buffer at pH 5.34. In this buffer both components carry appreciable 
negative charges, the mobilities having the values Up= — 2.8 X 10^ and « y = 
— 13.1 X 10^. Under these conditions a pattern for the mixture is essentially 
the sum of the patterns for the two components which were obtained separately. 

The patterns of Fig. 2 were obtained with a similar mixture, 1.15 per cent P 
and 0.67 per cent Ny but in a 0.1 n sodium acetate buffer at pH 4.63. In this 
solvent the protein still has a small negative mobility, — 0.2 X 10^, but the 
patterns exhibit asymmetries^ that cannot be explained in terms of the 5 and e 
effects alone. Thus the displacements of the boundaries b and 7 , Fig. 2, are 
proportional to the normal mobilities Up and wy, respectively, but the dis- 
placement of the boundary ^ corresponds to a mobility some eight times greater 
than the mobility of ovalbumin at this pH, while the displacement of the 
boundary r® corresponds to a mobility appreciably less than that of nucleic 
acid. Moreover, the area under the boundary at 7 corresponds, after cor- 
rection for the dilution due to the 8 effect,^ to only 0.56 per cent of nucleic acid 
whereas the actual concentration of that component was 0.67 per cent. Also 
the area under the boundary at c would correspond to 0.93 per cent if this were 
due entirely to nucleic acid. The results of this experiment are, as will be 
shown below, consistent with the assumption that the boundaries 7 and b 
are due to nucleic acid and ovalbumin, respectively, moving with their normal 
mobilities, but whose concentrations have been modified by interaction. The 
boundaries and c will, on the other hand, be shown to arise from the com- 
plexes due to combination of the components. It will be shown that the 
displacement of these boundaries involves the equilibrium between the com- 
ponents and the complex in addition to the motion of these substances in the 
existing electric field. 

Although the patterns are not reproduced in this paper, experiments have 
been performed in which each of the four variables, i.e. pH, ionic strength, 

^ We have observed similar asymmetries in the patterns of mixtures of ovalbumin 
and salmine, which is a basic protamine, except that in this case the patterns approach 
those of a normal mixture at pH values below the isoelectric point of the protein. 

* It may be noted in Fig. 2 that the gradients of refractive index in the boundary at 
c are not symmetrical about the ordinate passing through the maximum gradient. 
In measuring the displacement of this boundary it is necessary, therefore, to follow 
the procedure suggested by one of us (Longsworth, L. G., Ann, N, Y. Acad. Sc.y 
1941, 41, 267). 
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protein concentration, and nucleic acid concentration, have been altered 
systematically. The results, some of which are given in Table I, indicate that 



Fig. 1 



< 1 I >d 

Fig. 2 


Fig. 1. Electrophoretic patterns of a mixture of ovalbumin, 1.15 per cent, and yeast 
nucleic acid, 0.50 per cent, in a 0.1 N sodium acetate buffer at pH 5.34. The patterns 
were obtained after electrophoresis for 5000 seconds at 7.22 volts per cm. 

Fig. 2. Electrophoretic patterns of a mixture of ovalbumin, 1.15 per cent, and yeast 
nucleic acid, 0.67 per cent, in a 0.1 n sodium acetate buffer at pH 4.63. The patterns 
were obtained after electrophoresis for 7000 seconds at 6.97 volts per cm. 

pattern asymmetries of the type described above are enhanced by decreasing 
the ionic strength or by increasing the concentrations of the protein or the 
nucleic acid or both. The patterns of Figs. 1 and 2 illustrate the important 
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r61e that pH plays in such experiments. Experiments at pH values below 
4.6, the isoelectric point of ovalbumin, are complicated by the partial precipi- 
tation of the components. For electrophoretic study, removal of the precipi- 
tate that forms on dialysis of the mixture® is not sufficient since additional pre- 
cipitation frequently occurs, during an experiment, that interferes with 
observation of the boundaries. Thus in an experiment at pH 4.45, with condi- 
tions otherwise similar to those represented by Fig. 2, only a slight precipitate 
formed on dialysis and this was removed before electrolysis but during the 
latter procedure an optically opaque stratum of precipitate formed in the 
channel between the 6 and the jS boundaries on the anode side. This pre- 
cipitation was probably due to the decreased ionic strength in this region of the 
cell arising from the S effect and suggests that the solubility of the ovalbumin- 
nucleic acid complex is very sensitive to the ionic strength as well as to the pH.^ 

Electrophoretic Analysis of OvcUbumin-Nucleic Acid Mixtures 

The distribution of the components in the cell before and after electrophoresis 
is shown in Figs. 3 and 4. The boundaries between the buffer solution and 
solution (in the buffer) of ovalbumin at an initial or total concentration pt 
and nucleic acid at a total concentration were present in the planes a and 
a of Fig. 3 at the time the potential was applied. After passage of a current 
the boundaries in the anode side of the channel (Fig. 4) had swept through the 
volumes Vy and while on the cathode sides the volumes were Vh and Vc- 

The material recovered from the channel between the boundaries at j8 and y 
was found by direct experiment to be pure nucleic acid at a “separated’* con- 
centration w, whereas that between the boundaries at h and c was pure oval- 
bumin at a corresponding separated concentration Since the passage of an 
electric current does not produce changes of composition in the body of a 

•The precipitate formed in a 15 ml. sample of a 1.15 per cent P-0.58 per cent 
N mixture in a 0.1 n sodium acetate buffer at pH 4.34 was separated, dissolved in 
15 ml. of a 0.1 /L( sodium phosphate buffer at pH 6.80, dialyzed against this buffer, and 
analyzed electrophoretically. The pattern indicated no interaction at this pH and 
corresponded to a mixture of 0.40 per cent P and 0.13 per cent N, Moreover the 
ovalbumin thus separated electrophoretically from the nucleic acid was still native 
and showed the same relative amounts of the Ai and A^ modifications (c/. footnote 2) 
as in the original stock solution of the protein. It thus appears that precipitation 
under the conditions outlined here does not denature the protein and that the complex 
with nucleic acid is reversibly dissociated at pH values sufficiently above the iso- 
electric point of the ovalbumin. 

^ Our observations concerning the influence of pH and ionic strength upon the 
solubility of the ovalbumin-yeast nucleic acid complex are in qualitative accord with 
those of Hammarsten and Hammarsten (Hammaisten, £., and Hammarsten, G., 
Acta med. Scand., 1928, 68, 199) on the complex formed by the related material, 
thymus nucleic acid, and ovalbumin. 
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homogeneous solution the protein solution in the bottom section of the channel, 
and the buffer solution in the two sides of the top section, remain unchanged. 
Moreover, ovalbumin and nucleic acid neither enter nor leave the cell.® Con- 
sequently if the pattern for one side of the channel indicates a loss by electro- 
phoretic migration of one of these components the pattern for the other side 
should indicate a corresponding gain of that component. 

Referring to Fig. 4, the quantity of protein initially present in the volume 
Ve was Vcpt while that present in the same volume after electrolysis was 
(Ve — Vb)p»- Thus the loss of this component from the cathode side was 


Cathode Anode Cathode Anode 



Fig. 3. Diagrammatic representation of the initial distribution of materials in the 
electrophoresis channel. 

Fig. 4. Distribution of materials in the channel after electrophoresis. 

Vept — ( Vc — Vh)pa and this should equal the gain on the anode side, namely, 
Vfiptpp in which pp is the dilution factor of the protein at the 5 boundary. 
Therefore, 

Vept - (Vc - V6)Pe - VfiPtPP (1) 

and similarly for the nucleic acid, 

Vcfit - VftntPH + (Vy - Vfi)ne ( 2 ) 

® The buffer electrolytes, on the other hand, move through the cell but the quantity 
of these materials present at any instant remains constant, except for negligibly small 
effects due to volume changes accompanying electrophoretic separation of the com- 
ponents if the partial volumes of the latter are not additive. 
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in which pjy is the corresponding dilution factor for the nucleic acid. All of 
the terms in equation 1, for example, can be obtained from the electrophoretic 
patterns of the rising and descending boundaries, with the exception of 
if the specific refractive increment of the protein is known. Thus from the two 
patterns the total concentration of protein, pt^ niay be computed whether in- 
teraction takes place or not. This is obviously also true of equation 2, and 
fit. Since the compK)sition of the initial solution, and therefore pt and fti, 
were known a comparison of the observed and computed concentrations affords 
a test of our interpretation of the phenomena occurring during electrophoresis. 

In making computations with the aid of equations I and 2 it will be assumed 
that the dilution factors are given by the relation 

Pp = Py — (At — (^) 


in which At is the total area of the electrophoretic pattern and As that due lo 
the S boundary. The assumption that pp = py is in accord vdth the theory of 
Henry and Brittain® who showed, for a somewhat simpler system, that at the 
d boundary ‘‘the advancing column will hold its constituent ions in the same 
relative proportion as in the original sol.’’ The additional assumption con- 
tained in equation 3; namely, that p = (At — As) /A r, represents an approxima- 
tion based upon the observation that the gradients of buffer salts in the S 
boundary, being similar to those in the € boundary, are small in comparison 
with the gradients of P and N, 

Equation 1 may be rearranged to give 


Pi 


Vc-Vb ^ 

A s- 


Vc-Vb 

Vc-Vfip 


kpAb 


(10 


in which .db is the area under the boundary at b and is a factor converting 
this area into protein concentration. This factor, whose value is 0.003776, 
depends only upon constants of the apparatus and the specific refractive 
increment of ovalbumin, taken as 0.00184 for the Hg blue and violet lines 
used in the present research. Similarly, equation 2 may be rearranged to 




Vy-Vfi 

Vc - Vfip 




Vy-V0 

Vc - Vfip 


kyAy 


(20 


in which ky = 0.005185, the specific refractive increment for nucleic acid 
being taken as 0.0013.^® 

® Henry, D. C., and Brittain, J., Tr, Faraday Soc,^ 1933, 29, 798. 

This value is taken from the work of Seibert and Watson (Seibert, F. B., and 
Watson, D. W., /. Biol, Chetn., 1941, 140 , 55). It may be noted in this connection 
that the conclusions of our paper are actually independent of the values of the specific 
refractive increments since the concentrations of our stock solutions of both oval- 
bumin and nucleic acid were determined refractometricaUy. 
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The data necessary for computations with the aid of the foregoing relations, 
as obtained in five experiments in which the relative proportions of ovalbumin 
and nucleic acid were varied, are given in Table I. The data obtained from 
the patterns of Fig. 2 are given in the fourth colunm of this table. The other 
patterns were qualitatively similar. The areas (lines 1 to 5) under the peaks 
of these patterns are in arbitrary planimeter units whereas the displacement 
volumes (lines 6 to 9) are in milliliters per second per unit potential gradient. 
Line 10 of Table I contains the concentration of ovalbumin used in each ex- 
periment whereas line 11 contains the value of the concentration of albumin 
computed with the aid of equation 1'. Lines 12 and 13 contain the corre- 

TABLE I 


Electrophoretic Analysis of Mixtures of Ovalbumin and Yeast Nucleic Acid in 0.1 N Sodium 

Acetate at pH 4.63 and (fC. 


Experiment No. ... 

1 i 2 

3 

* 

5 

1. .46 

133.0 

273.0 

254.5 

255.5 

231.0 

2. Ac. . 

149.5 

84.5 

151.5 

179.5 

296.0 

3. Afi 

146.0 

294.0 

274.5 

265.5 

247.5 

4. . . 

96.0 

33.5 

68.0 

89.5 

154.0 

S. Ai. 

44.0 

29.0 

60.0 

77.5 

120.5 

6. Fi X 10» 

0.34 

0.26 

0.30 

0.33 

0.45 

7. r. X 10' 

10.46 

8.49 

9.186 

9.43 

9.89* 

S. VpXW 

2.35 

1.10 

1.94 

2.37 

3.86 

9. VyXW 

13.02 

12.36 

12.76 i 

12.94 

13.47 

10. Ovalbumin taken, per cent 

0.58 

1.15 

1.15 

1.15 

1.15 

11. Ovalbumin computed, equation 1'. . . 

0.60 

1.13 

1.13 

1.17 

1.19 

12. Nucleic acid taken, per cent 

0.67 

0.25 

0.52 

0.67 

1.16 

13. Nucleic acid computed, equation 2' . . . 

0.63 

0.26 

0.51 

0.66 

1.11 


spending values for nucleic acid. The average difference between the observed 
and computed values is 2.4 per cent for the ovalbumin and 3.5 per cent for the 
nucleic acid. It is of interest that if interaction were neglected and the area 
Aq interpreted as due entirely to ovalbumin the average difference between the 
observed and computed values of pt would be 6.9 per cent whereas if the area 
Ae were interpreted as due entirely to nucleic acid the average difference be- 
tween the observed and computed values of nt would be 45 per cent. 

The Interaction between Ovalbumin and Yeast Nucleic Acid 

In considering the probable nature of the interaction between ovalbumin and 
nucleic acid it will be assumed that they combine reversibly to form a complex 
X(= PiV,) 

P ,N PN, 

kt 


( 4 ) 
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in which the velocity constant for the forward reaction is ki and for the reverse 

reaction k%y and the equilibrium constant is == ^. The available evidence 

indicates that the complex has a mobility, Uxj intermediate between up and 
Uif* For the purpose of this discussion no res riction is placed on v. It 
doubtless varies with both pH and ionic strength and may vary, as in the 
precipitin reaction, “ with the concentrations of P and N, In the electro- 
phoresis of such a mixture the equilibrium shown in equation 4 is not disturbed 
in the body of the solution by the migration of the constituents P, Ny and X, 
At the boundaries, however, the tendency of the components to separate, 
due to their mobility diflFerences, is accompanied by a disturbance of the 
equilibrium. The extent to which the equilibrium will shift to compensate 
for the altered conditions produced by electrophoretic separation depends upon 
the magnitudes of the velocity constants in comparison with the rate of separa- 
tion. The following cases may be distinguished. 

1. If ki is small and yfcj large, X will also be large. Under these conditions 
the complex is essentially completely dissociated and the mixture will behave 
as a normal mixture of P and N. 

2. If ki is large and k 2 small then K will be small. This system behaves like 
a mixture of the complex and either P^^ or N, depending upon which is in 
excess. If neither is in excess a single boundary, due to X alone, will be present 
in each side of the channel. 

3. If ki and k 2 are both small and of similar magnitudes then K will be near 
unity. In this case finite concentrations of P, N, and X will exist at equilib- 
rium. The mixture will behave like a normal mixture of the three components 
since the adjustment of the equilibrium is slow in comparison with the rate of 
electrophoretic separation. 

4. If the rate of adjustment of the equilibrium is comparable with the rate of 

See, for instance, Kendall, F. E., Ann, N, Y. Acad, 5c., in press. 

From the description by Stenhagen and Tcorell (Stenhagen, E., and Teorell, T., 

Tr. Faraday Soc,, 1939, 36, 743) of their electrophoresis experiments on mixtures of 
serum albumin and thymus nucleic acid it appears possible that this system corre- 
sponds to case 2. Thus only two boundaries were present in each side of the channel 
and the patterns appeared to be symmetrical. Their analyses showed both nucleic 
add and protein to be present in the region between the two boundaries on the anode 
side but essentially pure protein in the corresponding region on the cathode side, thus 
indicating protein to be present in excess. 

Seibert (Seibert, F. B., J. Biol, Chem.y 1940, 133, 593) has observed somewhat 
similar phenomena in her electrophoretic studies of the naturally occurring mixture 
of protein and nudeic add from the tuberde badllus. It is of considerable interest 
that her separation of these components, by salt predpitation, was much more 
effective at alkaline reactions, where both components are negatively charged, than 
at add reactions. 
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electrophoretic separation, the behavior will be difficult to predict although 
one would expect the pattern to depend upon the rate of separation of the 
constituents. 

5. If ki and kz arc both large and of the same order of magnitude the equilib- 
rium is adjusted as rapidly as required by the electrophoretic separation of the 
components. Consequently only two boundaries, aside from the 5 and e 
effects, appear in each side of the channel but the patterns arc quite different 
from those of a normal mixture of two components.^* I'he patterns shown in 
Fig. 2 and those for which data are given in Table I apj>ear to be compatible 
with the conditions postulated in this last case. It is of interest to visualize 
how these patterns may arise. 

The initial conditions in the electrophoresis cell may be represented by Mg. 3 
in which the concentrations of combined, free, and total protein in the mixture 
are />/, and pi^ respectively, and the corresponding concentrations of nucleic 
acid are %, and nt» 'Fhe conditions in the cell after electrophoresis are 
indicated diagrammatically in Mg. 4 in which, as has been stated, pure N is 
present at a concentration «« in the region between the two leading boundaries 
on the anode side and pure P at a concentration in the region between the 
two boundaries on the cathode side. The sequence of events leading from the 
initial to the final state is as follows. 

In the anode side of the channel the free N in the mixture cscai)es and moves 
upward with its normal mobility to a position 7 . The complex .V also moves 
upward through the plane a but in so doing tends to leave the slower moving 
P behind. (Consequently a portion of the complex .Y dissociates in order to 
maintain the equilibrium indicated in equation 4. The N resulting from this 
dissociation moves ahead and fills the volume between the boundaries 0 and 7 . 
The resulting concentration, of the separated nucleic acid is thus the sum 
of the concentration, pn/, due to the free acid in the body of the mixture and 
that arising from the decomposition of the complex. 'Fhe factor p, it will be 
recalled, corrects for the dilution in the 5 boundary. "Fhe j)rotein P resulting 
from the partial dissociation of the complex, .Y, accumulates in the volume 

** It may bo noted that in all of the cases consitlered here, with the possible excep- 
tion of the fourth case, a qualitative symmetry is retained by the patterns insofar as 
the same number of boundaries, exclusive of the 6 and c effects, is present in both 
channels. In some mixtures, however, even this type of symmetry is not observed. 
Thus Chargaff, Ziff, and Moore (Chargaff, E., Ziff, M., and Moore, D. IT., J. Biol. 
Chcm.f 1941, 139, 383), in their electrophoretic studies of serum albumin-heparin 
mixtures, frequently observed three boundaries in one channel and tw’o in the other. 
Wc have made similar observations with mixtures of ovomucoid and nucleic acid. 
Asymmetries of this type have not been satisfactorily explained but are, possibly, 
a reflection of the known complexity of whole serum albumin (McMeekin, T. L., 
/. Am. Chem. Soc.j 1940, 62, 3393) on the one hand and ovomucoid on the other 
{cf, footnote 2). 
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at the concentration ppf. Due to the dissociation occurrinj^ in the boundary 
at /i, the displacement, F/s, of this boundary is proportional to neither Ux nor 
ti p but has an intermediate value. 

In the cathode side of the channel the nucleic acid, N, instead of escaping 
from the mixture, migrates into it. The complex thus tends to find itself in a 
region devoid of N and dissociates in the boundary at r, maintaining the 
equilibrium. 'Fhe displacement, T,., of this boundary is again proportional to 
neither Us nor Ux but to an intermediate value. Pure P is left behind in the 
region between h and c at a concentration which is greater than P/ but less 
than pt, 'Fhis material migrates with the normal mobility of P and hence the 
displacement F/, is proportional to tip. 

Much effort has been expended in an attempt to compute the mass action 
constant, A', of equation 4. For this computation from the electrophoretic 
data it is necessary to find a value of iix\ i.c., the mobility of the complex. 
However, as indicated above, the motion of the boundaries involved also in- 
cludes an effect due to the decomposition of this complex, making direct de- 
termination of this quantity impossible. 

SUMMARY 

Fleet rophoretic patterns of mixtures of ovalbumin and yeast nucleic acid 
indicate that the constituents migrate indei^endently of eaili other in buffer 
solutions of 0.1 ionic strength and at pH values somewhat higher than the iso- 
electric point of the protein. In the isoelectric region, however, the patterns 
from the two sides of the channel exhibit asymmetries that can be explained by 
assuming the existence in the mixture of appreciable concentrations of a 
reversibly dissociable complex between the components. Formation of this 
complex is favored by increasing concentrations of the com[)oncnts and de- 
creasing ionic strength. At pH values below the isoelectric point i)artial 
precipitation of the complex occurs. 

The patterns obtained from each side of the channel in the electrophoresis 
of a mixture of two components, which form a dissociable comjdex, indicate 
only two boundaries, aside from the b and e effects. One of these is a normal 
boundary whose displacement is proportional to the mobility of a component 
that has separated from the mixture. In the other boundary, however, dis- 
sociation of the comjdex occurs and consequently the displacement of this 
boundary corresponds to the mobility of neither component nor to that of the 
complex. Moreover, the areas under the refractive index gradient curves 
are not proportional to the stoichiometric concentrations of the components. 
However, equations are develojxjd with the aid of which an electrophoretic 
analysis of the mixture is possible. This analysis requires the use of data 
from the patterns of both channels. 
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The object of this report is to introduce tlic successful application of a rela- 
tively new and raj)id wave analy/inj^ instrument to the study of the potential 
variations derived from the human brain. This instrument is called a eyclo’ 
scope. It was invented by Dr. A. E. Douglass (1), Director Emeritus of the 
Steward Astronomical Observatory and Director of the Tree-Ring Laboratory 
of the University of Arizona. 

'Phe cycloscope has proved to be a powerful iiistrument in the study of events 
occurring in impermanent cycles; that is, in short sequence, quasi-periodic 
phenomena. It has given rise to important results in the field of meteorology, 
in the terrestial correlates of sunspot cycles, and allied fields. 

'Phe human electroencephalogram shows a characteristically quasi-periodic 
behavior. 'Phis pro])erty of the electroencephalogram is manifested by tluctua- 
tions, around a fairly constant mean value, in the time elapsed (wave length) 
between successive maxima or minima of the potential variations. 

'Pogether with the foregoing characteristic the wave jratterns observed in the 
electroencephalogram often show the presence of random frequencies and vol- 
leys of variable sequence cyclic activity. 

Since the cycloscope was invented primarily for the study of just such wave 
phenomena as exhibited by the electroencephalogram it was decided to investi- 
gate: (1) the degree of permanency of the basic electroencephalogram ]).ittern 
in various individuals; (2) the ]^resence of cycles other than those which can be 
recognized by unaided visual means. 

'Phroughout this discussion a cycle will indicate a significant sequence of 
waves that tend to fluctuate in length about a mean value, seldom varying 
from it by more than one or two tenths. 

Method and Description of Apparatus 

The cycloscope operates on optico-mechanical |)rinciples. The essential compo- 
nents of the apparatus are illu‘itraled in Fig. 1. 

* This work is in part aided by the Supreme (’’ouncil Scottish Rite, Masons of 
the Northern Jurisdiction, U. S. \. 
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The waves to be analyzed are Iransferrc-d l.y piintoKraph, or t)thcr suitable instru- 
ment, to a strip of heavy opaque paper. A hase-line, known as a cutting line, is 
then drawn through these transferred waves. I'lie cutting line is made approximately 
at the height of the mean minimum, and wherever possible this line is kept parallel 
to the horizontal axis. The maxima isolated by the base-line are cut-out and the 
resultant perforated strip is called a cycle plot. 

The light transmitted through the wave maxima (cut-outs) is obtained from a 
bank of ordinary incandescent lamps behind a dilTusing ground gla.ss screen. 1 lie 


WAVES TO BE ANALYZED 


5 




mirror carriage 


- 

D CRATING ^ I 


ill 

> 


LENS ♦< CA 30 

Fig. 1. Schema of cycloscojie. Modified from Fig. 22 </ in Douglass article (1). 



Fig. 2. Plate 24 in Douglass’ article (1). 


light rays jiassing through the cut-out maxima are made to fall on a mirror (A/) 
placed in the optical axis at an angle of 45®. 'rhis diverts the ray normal to its 
original path; the diverted ray impinges on a second 45® mirror set in the axis of this 
light path, and thence back through the analyzing elements. 

The analyzing elements consist essentially of a cylindrical lens with vertical axis 
and a grating, or analyzing plate. 'Fhe cylindrical lens elongates the light ray bundles 
transmitted through the openings in the cycleplot. From the inherent character of 
the vertical cylindrical lens the time axis (horizontal) is reduced in scale but is not 
distorted. The elongated images of the maxima are made to fall on the grating 
(constant 0.02 inch) which is mounted at an angle approximately 17® to the vertical. 
The grating thus segments the image formed by the optical system. The presence 
and dominance of cycle lengths is manifested by l)oth the character of the alignment 
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and the intensity of the light segments; different cycle lengths show at any given 
setting of the mirrors different angular alignments with respect to the horizontal axis. 

The scale of cycle lengths is calibrated in such a way that one may read the cycle 
length directly when there is a horizontal alignment of light segments and the original 
plot is on a standard horizontal .scale. 

In actual operation the angularly arrayed light segments are rotated into the hori- 
zontal by increasing or decreasing the object-mirror distance. The cycle length as 
read directly from the scale may be corrected by a proper factor if the scale of the 
cycleplot is not standard. 

Fig. 2 is an excellent illustration of what one sees when looking through the eyepiece 
of the cycloscope. (The illustration represents a cyclogram of the light curve of the 
variable star SS Cygni.) 


KESULTS 

liy means of the cyclosco|)e excerpts from 18 electroencephalographic 
records were analyzed at 'Fucson by Edmund Schulman of the University of 
Arizona. C'ycleplots were prepared under his direction by the author and 
differentiated only by number, so that the cycle analysis was as objective as 
possible. The list of cycles thus obtained formed the basis for the following 
study. 

The analytic study was made on records obtained from the following clinical 
groui)s; normal (5), dementia praecox (6), epileptic (5), and “organic” brain 
disease (2). In this discussion only the midline fronto-occipital derivations 
will be considered. 

Mg. d shows the cycloscopically determined distribution of cycles (or fre- 
quencies) present in two records, together with the waves actually analyzed. 
The waves shown were photographed from a cathode ray oscilloscope by means 
of a continuously moving camera of our own construction and design. I'he 
thermionic amplifier used was constructed in our own laboratory. The fre- 
quency response of this ami)lifier and recording system is flat from 2 to 200 
cycles per second. 

In this diagram the cycle strength, which is a function of the alignment and 
intensity of the light dots, is plotted against frequency in cycles per second. 
The fractional values of the frequencies arc disregarded in this preliminary 
report. 

In part A of Fig. 5 one secs the distribution of the various frequencies ob- 
tained from a presumably normal subject. It is evident that this individual 
shows a dominant rhythmic alpha pattern in the range of 8 to 10 waves per 
second. Furthermore, it is observed that contrary to the impression given by 
the accompanying record, there are at least four definiU dijfferent cycles present. 

Part B of Fig. vS shows the frequency distribution in a subject with the clinical 
diagnosis of dementia praecox. It is clearly seen that there tends to be a 
spread of cycle lengths as compared to that of the ‘‘normal.” 
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'rhc distinction between normals and dementia praecox as brought out by 
this cycle analysis is not as definite and clear cut as would api)ear from these 
two examples. In the entire group of records analyzed there is an indefinite 
boundary between normals and schizophrenics. 

Mg. 4A represents the cycloscopic analysis of a record taken during a jx^tit 
mal epileptic attack. 'Fhere is seen to be a definite shift of the cycle distribu- 
tion to a lower frequency range. The electroencephalographic recordings of 
h'ig. 4 are made with an A.M. (irass ink-writing instrument. 

Fig. 4H gives the analysis of a record from an individual with atyjMcal epi- 
let)tiform attacks. One observes that little or no dominant frequency is 
found by the analytic method emjdoyed. 
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The frecjuency distribution in this last rase is especially interesting in that 
we observed it in two other cases of atypical epilej)sy. 

The records a.ssociated with “organic’’ brain disease showed the closest 
frequency distribution of the entire series. An 8 per second wave pattern 
completely dominated the tracings. Other cycles in these two records were 
negligible. 

'Fhe cycloscope not only is cajxible of determining the basic frequencies and 
cycles present in a given sample of record, but it can quantitatively describe 
other important proi^erties of the wave pattern, such as the pha.se relationships 
of the successive waves comprising the sequence, and the mean amplitude of 
the wave sequences. 

Pha.se changes in .some of the records analyzed have been observed. The 
physiologic concomitants of this phenomenon or its importance must await 
further study. 
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CONCLUSIONS 

Cycloscopic analyses of a series of electroencephalograms obtained from a 
mixed group of individuals, clinically classified as normal, schizophrenic, and 
“frank” epileptic, show the following characteristics: 

1. A rather closely regulated potential oscillation which remains predomi- 
nant throughout the sample of record under study. 

2. Associated with this dominant cycle other definite anharmonic cycles are 
clearly evident. These associated cycles may oj^rate in intermittent se- 
quences or simultaneously with the dominant cycle. 

Subjects with “atypical” epilepsy show an apparently characteristic spread 
of low intensity cycles. 
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Hemolysin in antisera is customarily estimated by “titer” and this measure- 
ment has served its purpose in the evaluation of antisera and in the determina- 
tion of the relative degree of sensitization of erythrocytes. However, knowl- 
edge of the mode of action of hemolysins on red cells and of the quantitative 
relations of hemolysins to erythrocytes and complement has been difficult of 
access not only because of the complicated and sensitive nature of the reactions 
and their components, but also because methods of assay yielding end 
“titers” are, taken alone, without significance as to the actual weights of the 
reactants. Moreover, these methods do not even give relative values when 
different substances or functions are measured by end “titers,” since the actual 
quantity of one substance required to produce its characteristic effect may 
greatly exceed that of another substance producing the same or a different 
effect. End “titers” are often, therefore, in opposite ratio to the actual quan- 
tities involved. Examples are the low “titers” of antipneumococcus sera of 
high antibody content as contrasted with the high “titers” of dLiiti-Salinanella 
sera of low antibody content, and the lower “titer” but apparently higher 
content of first component in complement as compared with the higher “titer” 
but lower content of second and fourth components (1, 2). “Titers,” then, 
depend upon the relative proportions in which the components of a given 
system interact, as well as upon the absolute quantities present, and are only 
interpretable, on passing from one reacting system to another, when reacting 
proportions as well as quantities are known. To return to the hemolytic sys- 
tem, since only “titers” of the components could be estimated in an effort to 
determine the very quantities which would necessarily have to be known before 
“titers” could be interpreted, lack of theoretical progress in this field is readily 
understandable. 

The present communication deals with an attempt at the estimation of 
hemolysin in absolute, or weight units. Data of this kind would not only be 
useful in studying the quantitative relations between hemolysin, the red cell, 

* The work reported in this co mmuni cation was carried out under the Harkness 
Research Fund of the Presbyterian Hospital. 
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and complement, but would also supply a factor by which hemolysin ^‘titers” 
could be converted into weight units. While this objective has not yet been 
attained, it has been possible to estimate total antibody in hemolytic antisera 
with a fair degree of accuracy and to use this value as a first approximation 
in the study of the relations sought (3). 

The amount of nitrogen in the hemolytic unit has been estimated by Locke, 
Main, and Hirsch (4), by Brunius (5), and by Chow and Zia (6). The reasons 
for the large discrepancies in the estimates reached in the first two investiga- 
tions are again icf, 3) discussed below, together with an evaluation of the 
method used by Chow and Zia. 

EXPERIMENTAL 

Materials and Methods 

Sheep Cell Stromata.— at 1 : Three liters of sheep blood were defibrinatcd with 
glass beads immediately after bleeding, filtered through cloth, diluted with 4 volumes 
of saline, and centrifuged at room temperature in a Sharj^les centrifuge. The deposit 
of red cells was laked with 20 volumes of distilled water and centrifuged as before. 
The stromata were washed tw’ice with water and twice with 0.9 per cent saline at 
room temperature, followed by two more washings with saline at 0°C.^ I'he pale 
brown stromata w'erc resuspended in saline containing 1 : 10,000 merthiolate.^ The 
suspension was kept in the ice box and portions were washed at 0® before use. 

Lots 2 and 3 were prepared similarly except that all operations, including the 
rather tedious process of centrifugation,^ were carried out in the cold. 

A portion of Lot 2 was heated at S6®C. for 40 minutes (7) (heated suspension). 

Antisera . — Rabbits were injected intravenously with stromata suspensions (Lots 1 
and 2) containing 0.5 mg. N per ml. The first course consisted of 13 injections 
averaging 0.75 ml. The second and third courses consisted of 10 and 12 injections 
respectively, of an average of 1,5 ml. of suspension. The fourth course comprised 
10 injections and the fifth 11 injections of an average of 1.5 ml. of suspension (rabbits 
7.62, 7.66). Rabbit 7.60 received only the first, third, and fifth courses. Rabbit 7.83 
was injected subcutaneously instead of intravenously, receiving one course of 7 in- 
jections of 0.5 ml. followed by a month’s rest, and a second course of 3 injections 
of 0.5 ml., 2 of 1 ml., 2 of 1,5 ml,, and 4 of 2 ml. of suspension. A number of com- 
mercial antisera to sheep red cells were also used.® 

Analytical Methods . — All antisera were inactivated at 56®C. for 50 minutes (ther- 
mometer in serum) (2), neutralized to pH 6. 7-7.0 (glass electrode), and centrifuged 
in the cold shortly before use. Duplicate 1.0 ml. portions of undiluted antiserum, 

2.0 ml. of saline, and 1 .0 ml. of the stromata suspension were mixed at 0®C. Duplicate 
blanks were also run on 1.0 ml. of serum alone and with 1.0 ml. of stromata and 

3.0 ml. saline alone. The tubes were allowed to stand in the ice box for 48 hours, 
with occasional mixing of the contents. The stromata usually showed pronounced 
agglutination in the presence of antiserum. 

^In a refrigerated centrifuge manufactured by the International Equipment 
Company, Boston. 

® Manufactured by Eli Lilly and Company, Indianapolis. 

® Kindly supplied by E. R. Squibb and Sons, Inc., and by the Lederle Laboratories. 
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The determination of the antibody N precipitated was similar to that of the quanti- 
tative agglutinin procedure (8-10). The tubes were centrifuged in the cold and the 
precipitates w^ashed three times with 0.9 per cent saline at 0°. The supernatants of 
duplicate determinations were combined and recentrifuged, and any deposits left 
were washed with the saline washings poured from the main tubes and finally re- 
combined with the main precipitates. The initial supernatants, after the recentrifuga- 
tion, were again set up with 1.0 ml. of stromata suspension and new blanks. The 
precipitates and the recentrifuged supernatants and saline washings from all stromata 
blanks were analyzed separately. The solutions always contained a small amount 
of N (about 0.04 mg.) due to soluble material remaining in the stromata in spite of 
the repeated preliminary washings. 

Antibody N in the tubes containing serum and stromata was taken as the difference 
between the total N precipitated and the stromata N deposited in the stromata blank 
tubes after three washings and centrifugations. The antibody values obtained arc 
probably slightly too high because of the antigen which dissolved. Correction would 
be difficult since it is not certain how much of the dissolved N represented inert 
material, or whether the same amount of N was washed out of the stromata which 
had combined with antibody. 

Hemolysin Titers . — The hemolytic titers were determined from the dilution at 
which the sera would just sufficiently sensitize an equal volume of a 5 per cent sus- 
pension of w^ashed sheep red cells to give complete hemolysis in 20 minutes at 37®C. 
in the presence of 2 units of complement. 

Data obtained as above on a dilution of serum 7.66b are given in Table I. 
Antibody N data for a number of sera are correlated with hemolytic titers in 
Table II. 

Efect of Experimental Conditions on Antibody Precipitation. — (a) Hydrogen 
Ion Concentration: A dilution of serum 7.66 with a hemolysin titer of 1200 was 
absorbed with stromata after adjustment of one portion to pH 6.0 and another 
to pH 8.0 (glass electrode). The pH was redetermined after each absorption 
and slight readjustments to the original values were necessary for the first two. 
The total amounts of antibody N removed in three absorptions at low pH were 
0.26, 0.01, and 0.02 mg. N, with a total of 0.29 mg. N, and in the more alkaline 
series, 0.25, 0.03, and 0.02 mg. N, with a total of 0.30 mg. N per ml. The 
fourth absorptions were negative in both cases. Hemolytic titers in both 
series were reduced to less than 6 units per ml. There were thus no differences 
in behavior in the absorptions at these two hydrogen ion concentrations and 
the precaution of neutralization, taken in most of these studies, would there- 
fore seem unnecessary. 

(6) Effect of Temperature: 1.0 ml. of undiluted rabbit serum 40H301 and 1.0 
ml. of a 1:1 diluted donkey antiserum 186H102 to sheep red cells were each 
absorbed with stromata in parallel series at 0® and 37®C. The data are given 
in Table III. It will be noted that almost as much antibody N was removed 
at 37® as at 0®C. 

(c) Effect of Heed on Antigen Suspension: Absorptions were made with 
heated and unheated suspensions of stromata. First bleedings from Tabbits 



TABLE I 


Estimation of Antibody in AiOi^hsep CM Rabbit Hemolysin by Addition of Sheep CM Stromata; 

1.0 ML Serum, (fC, 



Stromata N 
used* 

ToUl N precipitatec 

Antibody N found 

Calculated to 1.0 ml. 

Absorption 

' (mean) 

of orisinal serum 


mg. 

mg. 

urn- 

mg. 

1st 

ro.718 

fO.968 

0.264 

0.26 

\0.710 

\0.978 



/ (0.488 



1 0.01 

2ndt 

1 

/ j 0.478 

^ [0.472 1 

0.492} 

0.012 

' 1 

1 


fO.486 




3rd| 

<0.484 

[0.492 

0.5305 

0.042 

0.02 


fO.488 




4th§ 

] 0.478 
[0.480 

0.4865 

<0.01 

0 


Total 


0.29 


* Values for washed stromata blanks, in duplicate or triplicate. 
tOn combined supernatants from first absorption. 

SOn supernatant of preceding absorption. 


TABLE II 

Absorption of Antibody in Anti-Sheep Cell Hemolysin by Sheep Stromata Suspensions, per 
1.0 Ml. Undiluted Serum, (TC. 


Serum 

Hemo- 

lytic 

titer* 

1st absorption 

2nd absorption 

3rd absorption 

Total 

antibody 

N 

Hemo- 
lytic 
titer + 
antibody 
N 

Antibody 

N 

Hemo- 

lytic 

titer 

Antibody 
N ! 

Hemo- 

lytic 

titer 

Antibody 

N 

Hemo- 

lytic 

titer 



mg. 


mg. 


mg. 


mg. 


Li 

1,200 

0.24 

<30 

0.05 

<4 

0 


0.29 

4,100 

Lt 

2,500 

0.11 

C120 1 

0 

<6 



0.11 

23,000 

Lrf 

3,000 

0.71 

>240 

0.11 

>240 

0 

100 

0.82 

3,500 

L4 

2,000 

0.48 

<24 

0.03 

<12 



0.51 

3,900 

Si 

1,200 

0.36 

130 

0.10 

36 

§ 


0.46 

2,600 

Si 

750 

0.20 

60 

0.02 

40 

0.02 

24 

0.24 

3,000 

7.6Qi 

600 

0.18 

<15 

0.07 

<5 

0.02 


0.27 

2,200 

7.624 

1,400 

0.24 

15 

0.08 

<5 

0.01 


0.33 

4,200 

7.664 

1,700 

0.29 

15 

0.09 

<5 

0.02 


0.40 

4,300 

7B3,|1 

10 

0.09 

0 

0.01 

0 

0 


0.10 

100 


* The titrations given are the reciprocals of the dilution at which the sera completely 
hemolyaed an equal volume of 5 per cent sheep red cell suspension in the presence of two units 
of guinea pig complement and are thus independent of the volumes chosen so long as this 
relation to the red cells is maintained. The antibody N estimations are all calculated to 
1.0 ml. of the undiluted serum. 

tPony serum. 

S Determination lost. 

II Rabbit injected subcutaneously with stromata. 
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injected with unheated stromata were used (Table IV). Although the total 
amounts of antibody N removed by heated suspensions approached those taken 

TABLE in 


Estimaiion of AtUibody in AtUi-Sheep Cell Hemolysins by Stromata Suspensions at ST and 

0®C., per IX) ML Serum 


Serum and 

Hemolytic 

titer 

l8t absorption 

* 2nd absorption 

3rd absorption 

Total 

temperature 

Antibody 

N 

Hemolytic 

titer 

Antibody 

N 

Hemolytic 

titer 

Antibody 

N 

Hemolytic 

titer 

antibody 

N 

L6,37‘’ 

1,600 

«jf- 

0.26 

200 

mg. 

0.06 

90 

mg. 

0.03 

50 

mg, 

0.40* 

Lj,0» 

1,600 

0.29 

400 1 

0.10 

<225 

0.04 

<25 

0.43 

L«,t 370 

2,400 

0.27 

1,600 

0.06 

270 

0.04 

250 

0.37 

Uto" 

2,400 

0.28 

1,000 

0.09 

<225 

0.05 

50 

0.42 


Approximately equal, but accurately measured, quantities of stromata were used for 
each absorption. 

* Includes 0.05 mg. N obtained on fourth and fifth absorptions. Final hemolytic titer 30 
t Donkey serum. Determinations made and reported on basis of 1:1 diluted serum. 

TABLE IV 


Absorption of Antibody in Anti-Sheep Stromata Rabbit Hemolysins by Heated and Unheated 
Sheep Stromata f per IX) ML Serum , O^C. 


Serum 

Hemolytic 

titer 

1st absorption 

2nd absorption 

ToUl 

Antibody N 

Hemolytic 

titer 

Antibody N 

Hemolytic 

titer 

antibody N 



mg. 


mg. 


mg. 


Sera absorbed with heated stromata suspension 


7.60i 

<100 

0.06 

>1 

0.02 

<8 

0.08 

7.62i 

>1,000 

0.09 

ca. 500 

0.05 

>200 

0.20* 

7.66i 

<1,000 

0.08 

ca, 300 

0.02 

ca. 10 

0.13t 

7.57i 

<1,000 

0.09 

>500 

0.04 

>64 

0.17§ 


>500 i 







Sera absorbed with same suspension, unheated 


7.60i 

<100 

0.09 

0 



0.09 

7.62i 

>1,000 

0.22 

75 



0.22 

7.66i 

<1,000 

0.17 

<24 



0.17 

7.57i 

<1,000 

0.19 

0 



0.19 


>500 







* Includes 0.06 mg. N from third and fourth absorptions, 
t “ 0.03 “ “ “ a third absorption. 

§ ** 0 04 ** ** ** ** ** ** 


out by unheated stromata, the unheated stromata suspension was the more 
active antigen per milligram of N used. 0.50 mg. N of the unheated suspen- 
sion precipitated the same amount of antibody N in one absorption as did 2.99 
mg. N of heated stromata in four absorptions. The data are summarized in 
Table IV. 
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Combining Proportions of Stromata and Antibody. — ^The existence of more 
than one combining ratio between stromata and antibody is indicated. For 
example, 1.0 ml. portions of a 1:1.5 dilution of serum 7.664 were set up in 
duplicate with 1.0, 1.5, and 2.5 ml. of stromata suspension in a total volume 
of 8.0 ml. 


Stromata N added 

1st absorption 

2nd absorption* 

Total antibody N 
precipitated 

Antibody N precipitated 

Antibody N precipitated 

mg. 

mg. 

mg. 

mf. 

0.476 

0.23 

0.04 

0.27 

0.714 

0.24 

0.03 

0.27 

1.188 

0.29 

0.01 

0.30 


* On pooled supernatants. Antibody N given is one-half of that found on addition of 
0.476 mg. of stromata N in each case. 


The smallest amount of antigen used removed practically as much antibody 
N as did a quantity 50 per cent larger, although neither completely exhausted 
the serum. Other particulate antigens, such as specific precipitates (10), 
show a similar behavior in their homologous antisera; the slope of the line 
representing antibody N/antigen, plotted against antigen N added, is usually 
much less than with soluble antigens. 

Removal of Complement by Stromata^ Antibody Precipitation. — In (3) it was 
mentioned that the combining component(s) of complement was taken up 
in the reaction of sheep cell stromata with hemolysin. The data upon which 
this statement was based are given in the protocol. The tubes were allowed 
to stand 2 hours at room temperature, after which they were centrifuged and 
washed three times with 2.5 ml. saline in the cold {cf. 2). 



2 

2 

3 

3 

3 







pig serum, C^, tnl 

3.0 

3.0 



3.0 

Inactivated* guinea pig serum, iC', ml 

hemolysin, ml 

1.0 


1.0 

3.0 

1.0 

1.0 

Slu?ep Rtmnnataj ml 


1.0 

1.0 

1.0 

1.0 

^line, ml 

4 

4 

6 

3 

3 

Total N precipitated, mg 

f 

[0.410 

[0.504 
] 0.508 

[0.524 
jo . 520 

[0.602 
jo . 606 


[o 

lo .382 

i 0.514 

(0.504 

I0 . 6IO 

Mean, mg 

0 

0.396 

0.509 

0.516 

0.606 



Stromata N to be subtracted (column 3), mg 
Hemolysin N precipitated, mg 

iCJ tn he suhtraeted. mf. 



0.396 

0.11 


0.516 

Cf N precipitated, mg 

0.09 



Hemolytic units of C' taken 285. 

“ “ “ “ remaining <1. 

*At 56^C. for 50 minutes. Tbe symbols used are explained in (2). 
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The quantity of C' N removed is of the same order as that taken out by 
ther specific precipitates (2). An estimation with S Ill-rabbit anti-S III at 
he same time gave 0.07 mg. of C' N. 

DISCUSSION 

Attempts have previously been made, by purification and isolation of the 
mtibody, to define a weight unit for hemolysin. Locke, Main, and Hirsch 
(4) purified rabbit anti-sheep cell hemolysin and found 0.007 7 of nitrogen per 
hemolytic unit in their best preparation. Brunius (5), on the other hand, using 
the Forssman antigen for selective extraction of the hemolysin, found only 
0.0002 7 of N in a smaller hemolytic unit. In both laboratories the prepara- 
tions isolated usually contained ten times as much N per unit. As already 
pointed out (3) Brunius’ value probably represents the actual hemolytic anti- 
body unit more closely than Locke, Main, and Hirsch’s figure, or that now 
reported, 0.03 7 of N.^ The latter, however, have the advantage of giving an 
insight into the actual weight of antibody deposited on the red cell from rabbit 
antisera. 

These isolation techniques (4, 5) are naturally too laborious for analytical 
purposes. A method for the estimation of hemolysin in weight units has re- 
cently been described by Chow and Zia (6), who agglutinated sheep red cells 
with a measured volume of hemolysin, washed the deposit, and subsequently 
removed the hemoglobin by laking. The amounts of antibody found greatly 
exceeded those indicated in the present study, possibly because hemoglobin 
and other soluble products in the blanks without antiserum would be more 
easily washed out than from cells on which antibody had been deposited. 

The method now proposed is a modification of the quantitative agglutination 
procedure (8-10) and depends upon the addition of antibody to sheep cell 
stromata from which as much as possible of the soluble components has been 
removed. Comparison of hemolytic titers of antisera before and after suc- 
cessive absorptions with stromata (Table II) shows that hemolysins are re- 
moved, as had been found by previous workers. Reproducible results are 
readily obtained, so that the method may serve, as a first approximation, for 
the estimation of hemolysin in weight units. 

However, two factors combine to limit the utility of the method for its 
original object. One, of relatively minor consequence, tends to make the 
results somewhat too high. In spite of the pains taken to wash the stromata 
used small quantities of soluble material (about 0.04 mg. of N) were invariably 
found in the washings from the blank tubes. At least a portion of this material 
gave precipitin reactions in the antisera, but since it is uncertain whether or not 
similar amounts were washed out of the stromata-antiserum residues no cor- 
rection has been made for this effect. It is therefore possible that the antibody 
N values found are too high by all or a portion of the N washed out of the con- 

^ Calculated from the figures in Table H for 0.1 ml. of hemolysin dilution. 



530 


QUANTITATIVE CHEBilCAL STUDIES ON HEMOLYSINS. I 


trols. Stromata heated after the washing process according to Landsteu 
and van der Scheer’s method for red cells (7) are more easily centrifuged al 
appear to be slightly less soluble, but they cannot be used conveniently for t' 
quantitative absorption of antibody as their antibody-binding capacity is t( 
low (Table IV). 

The second limiting factor is that the method, strictly speaking, is one for 
the estimation, not of hemolysin, but of total antibody in the hemolytic anti- 
sera. Sheep red cells and even washed sheep cell stromata are complex col- 
lections of antigens and only one or a limited number of these, presumably 
gives rise to true hemolysins. The remaining antibodies stimulated by in- 
jection of cells or stromata into rabbits add to the stromata suspension when 
this is mixed with antiserum, or to red cells, but probably take little part in 
hemolysis. This is probably the chief reason for the discrepancy in the values 
given (4, S) for the quantity of N in the hemolytic unit. According to these 
values (p. 529) the antibody N figures may exceed true hemolysin N by a fac- 
tor of 10 to 100, although these values are not to be taken too literally on ac- 
coimt of the different units and end points compared. In spite of this, there 
does appear to be a fair proportionality between total antibody N content and 
hemolysin titer in rabbit anti-sheep hemolysin, as already noted by Chow and 
Zia (6) although on a different numerical basis. If one excludes the pony and 
donkey sera because of species differences, the serum of the subcutaneously 
injected rabbit and one other commercial rabbit serum, L 2 , that was entirely 
out of line, ten anti-sheep cell and anti-stromata rabbit sera showed a titer: 
antibody N ratio bf 3500 ± 600. In other words, an antiserum which, at a 
dilution of 1:3500, just completely hemolyzes an equal volume of 5 per cent 
sheep red cell suspension in the presence of 2 units of complement, should 
contain, within about 20 per cent, 1 mg. of antibody N per ml. None of the 
sera examined contained as much antibody N as this in a single milliliter. On 
this basis it might be more reasonable, both from the standpoint of purveyor 
and purchaser, to sell and buy hemolytic antisera by the milligram of total 
antibody nitrogen, rather than on the basis of units which might vary consider- 
ably from laboratory to laboratory and which provide no inkling of the actual 
antibody content. 

If data obtained according to the new method are to be used in a consideration 
of the relation between hemolysin, red cells, and complement in the process of 
hemolysis, it must be remembered that the antibody N values are maximal 
and can only be used as hemolysin N as a first approximation, subject to cor- 
rection by a factor still to be determined. This was emphasized in attempts to 
trace this relationship in (3). As there pointed out, the total antibody N 
value is of use in an understanding of the hemolytic process as actually carried 
out, for all of the antibody combines with the red cells present and also plays a 
major part in the fixation of complement, as shown in protocol 2 on p. 528. 
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Efforts are now being made to estimate accurately the actual amounts of 
hemolysin present in these antisera. 

SUMMARY 

1. Total antibody in hemolysins may be estimated from the nitrogen added 
to sheep stromata suspensions. 

2. The method is applied to a number of hemolysins and a correlation, valid 
to within 20 per cent, established between hemolytic titer and total antibody. 

3. When stromata combine with antibody in the presence of guinea pig 
complement they may take up at least 80 per cent of their weight of comple- 
ment combining component (s). 
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THE MECHANISMS OF X-RAY EFFECTS ON CELLS* 


By KARL SAX 

(From the Arnold Arhoretum^ Harvard University ^ Cambridge) 

(Received for publication, November 14, 1941) 

Injury or death of cells subjected to x-rays has been attributed to various^ 
physiological eflFects such as changes in metabolic rate, alterations in cyto- 
plasmic viscosity and permeability, or the effect on enzymes (1). Scott con- 
cludes that these physiological effects of x-rays are of secondary importance 
since very high doses are required to produce significant effects. The “pri- 
mary*’ effect of radiation on dividing somatic cells does appear to be caused by 
physiological changes, but this effect is temporary (2). Irradiation of meiotic 
cells of Orthoptera appears to produce no direct effect on the chromosomes and 
fragmentation does not occur until the nuclear membrane is broken down. 
This action is attributed to chemical changes induced in the cytoplasm (3). 
The production of chromosomal aberrations by x-rays mav be d elaye d for an 
hour in Tradescantia (4) or for several weeks following irradiation of Drosphila 
sperm (5). This delayed action has led to the suggestion that these x-ray 
effects are indirect (6). 

Most of the recent work on x-ray effects supports the hypothesis of “direct 
hit” action. Henshaw (7) has shown that the lethal action of x-rays is pro- 
duced by the direct effect on the cell nucleus^ In both Tradescantia (4) and 
Drosophila (5) the dosage curves for chromosomal aberrations support the 
“direct hit” mechanism of x-ray action. This theory also is supported by 
time-intensity experiments (8) and by the differential action of x-rays and 
neutrons (9, 10). These experiments are limited to x-ray effects on single 
cells. 

The relative r61e of indirect physiological effects and of the “direct hit” 
mechanisms of x-ray action can be analysed by determining the effect of 
irradiation on subsequent sensitivity. If x-rays produce chemical changes 
which persist for a relatively long time, or initiate chromosome alterations 
which are effective in producing aberrations only at later stages in the nuclear 
cycle, then the effects of subsequent irradiation should be influenced by the 
previous irradiation. 

The specificity of the types of chromosomal aberrations in Tradescantia 
microspores provides an opportunity for further anal 3 rsis of x-ray effects on 

*This work was supported, in part, by a grant from the International Cancer 
Research Foundation. 
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subsequent sensitivity. The duration of the nuclear cycle for tetrad formation 
to metaphase in the microspore is about 1 week. The chromosomes are in the 
resting stage for 5 or 6 days after meiosis and during this time x-rays produce 
alterations involving entire chromosomes. Cells rayed at prophase produce 
chromatid aberrations in which each sister chromatid behaves as an independ- 
ent unit. The chromosome and chromatid aberrations can be differentiated 
readily (8). 

Two series of Tradescantia buds were irradiated. Series 1 was rayed during 
the resting stage and again at prophase 2 days later. The x-ray doses were 
300 r and 150 r respectively. Series 2 was rayed only at prophase simultane- 
ously with series 1 which received 150 r. The experiment was repeated several 
weeks later using doses of 200 r and 100 r respectively. The cells were fixed 
24 hours after the prophase irradiation. Those rayed both at the resting stage 
and at prophase showed both chromosome and chromatid aberrations, while 

TABLE I 

EJJect of Irradiation on Subsequent X-Ray Sensitivity of Tradescantia Microspores 

Series 1. Rayed at resting stage and again at prophase. Fixed 24 hrs. after second 
raying. 

Series 2. Rayed only at prophase. Fixed 24 hrs. after raying. 



Series 1 

Series 2 

Total chromosomes 

2556 

4052 

Chromosome breaks 

154 

0 

Chromatid breaks 

156 = 6.1 per cent 

287 =» 7.1 percent 



those rayed only at prophase had only chromatid aberrations at metaphase. 
The results of the two experiments were similar and the combined data are 
shown in Table I. 

It is evident that previous irradiation did not increase prophase sensitivity 
as measured by the frequency of chromatid breaks. The percentage of chro- 
matid breaks was somewhat less in the series previously rayed in the resting 
stage as compared with the aberrations produced by raying only at prophase, 
although the difference is of doubtful statistical significance. 

These results are in accord with the fractional dosage experiments where the 
maximum rest periods were 4 hours (8). Evidently there is no physiological 
effect of x-rays which will increase the subsequent sensitivity of the micro- 
spores after a period of several hours or several days. 

The slight decrease in aberration frequency of the successively rayed micro- 
spores suggested further analysis of chromatid aberrations produced in pre- 
viously irradiated cells. Previous investigations have shown that breaks in 
the chromosomes are not at random for all loci, but are more numerous in the 
proximal end of the chromosome arms (11). This localization was attributed 
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to the r61e of the centromere in controlling mechanical stresses in the coiled 
chromonemata. If the frequency of illegitimate unions of broken ends of 
chromosomes is in some degree controlled by the centromere, their acentric 
chromosome fragments should be relatively resistant to x-ray effects. This 
assumption was tested by another series of successive exposures. 

Tradescantia microspores were irradiated during the resting stage and 3 days 
later at prophase. The doses were 300 r and 150 r respectively. The cells 
were fixed 24 hours after the second exposure. A total of 11,502 chromosomes 
was examined. Among these were 681 dicentric and ring chromosomes result- 
ing from irradiation at the resting stage. Each of these dicentric and ring 
chromosomes was accompanied by an acentric fragment. The average length 
of the acentric fragments was somewhat more than a normal chromosome arm 
since effective breaks are more frequent in the proximal ends of chromosome 
arms. But, to be conservative, we will assume that effective breaks are at 
random and that the 681 acentric fragments are equivalent to 340 normal 
chromosomes. We have then the equivalent of 11,152 centric chro- 
mosomes and 340 acentric chromosomes as a result of the first irradiation. The 
second exposure produced only chromatid aberrations, a total of 1215. Of 
these 1211 were in the centric chromosomes and only 4 were in the acentric 
fragments. If chromatid aberrations were at random we would expect 26 of 
them in the acentric fragments. It is apparent that effective breaks are much 
more frequent in the centric chromosomes than in the acentric fragments. 
The initial breaks must be at random, but those which are involved in chro- 
mosomal aberrations are in some way controlled by the centromere so that more 
illegitimate fusions occur in the centric than in the acentric chromosomes. 
This effect of the centromere could be attributed to polarity and spatial re- 
lations in the case of fusions between chromatids of different chromosomes, but 
the simple deletions involving only sister chromatids at a given locus also 
appear to be associated with mechanical stress which is related to the centro- 
mere. Some of the differential sensitivity to x-rays in centric and acentric 
chromosomes might be attributed to heterochromatic regions near the centro- 
mere. Kaufmann (12) has found that the heterochromatic loci in Drosophila 
chromosomes are especially sensitive to breakage by x-rays. In Tradescantia, 
however, the proximal ends of the chromosome arms are only about twice as 
sensitive as the distal ends. Although the distal ends of chromosome arms 
constitute a large proportion of the acentric fragments, the frequency of chro- 
matid aberrations in acentric chromosome fragments is only about a ninth of 
that found in the centric chromosomes, when calculated on the basis of com- 
parative length. The decreased sensitivity of acentric fragments would result 
in a lower frequency of chromatid aberrations in the microspores which had 
been irradiated previously at the resting stage. This conclusion is in accord 
with the trend shown in Table I, although the differences are not statistically 
significant. 
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The ‘‘direct hit” mechanism of x-ray action on cells is supported by the 
following observations. The relation between single chromosome breaks and 
x-ray dosage is linear, there is no threshold effect, and the frequency of simple 
deletions is independent of the time-intensity factor (13, 8). The frequency 
of chromosomal aberrations involving two breaks increases as the square of the 
dosage when x-ray intensity is held constant, but the exponent of the dosage 
curve approaches 1.0 as the x-ray intensity is decreased (8). Fractional dosage 
decreases the frequency of complex aberrations (14, 8). This behavior is 
attributed to restitution of broken chromosomes during the intervals between 
exposures, and the aberration frequency reaches a minimum when the rest 
periods are about an hour. Fractional dosage involving longer periods has no 
effect on subsequent sensitivity. Neutrons are more effective than x-rays in 
producing chromosomal aberrations (9) and in their lethal effect on bacteria 
(10). The increased effectiveness in both cases is attributed to the greater 
ionization density produced by the neutrons. The lethal action of radiation of 
bacteria is attributed to the production of lethal mutations. In the case of 
chromosome aberrations the lethal effect can be attributed either to chromo- 
some deficiencies associated with chromosomal aberrations or to lethal muta- 
tions. Since Henshaw has shown that the lethal action of x-rays is produced 
by the direct effect on the cell nucleus, it seems probable that the chromosomes 
are involved. 

Although the major effect of x-rays appears to involve chromosome altera- 
tions produced by “direct hits,” there is evidence of a general physiological 
effect. It has long been known that x-iays produce a temporary cessation of 
nuclear activity (IS). The “primary” effect of x-rays which results in chro- 
mosome clumping at metaphase also is attributed to physiological changes (2). 
These physiological effects are temporary and have a lethal effect only at very 
high doses. The production of alterations in meiotic cells of Orthoptera only 
when the nuclear membrane disintegrates at late prophase does suggest the 
production of some change in the cytoplasm (3), but the effect is similar to 
the primary effect of x-rays on dividing somatic cells. 

The response of tissues to irradiation may involve more than the response of 
the individual cells, since injury to certain cells or physiological changes in the 
surrounding media may cause alterations which greatly change the behavior 
of cells not directly affected by irradiation. Such a response is indicated by 
the differences in x-ray sensitivity of different tissues or of' different stages of 
the nuclear cycle (16). According to Shields Warren^ many tumors become 
mudi more resistant to x-rays during intermittent treatment for several 
months. This decreased sensitivity seems to be caused by changed physio- 
logical conditions resulting from previous irradiation. Most of the lethal 


^Unpublished data. 
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effect of x-rays on chick embryos is attributed to indirect action, and particu- 
larly to effects on the circulatory system (17). 

The indirect physiological effects of x-rays also are found in irradiated onion 
seeds. If the germination of such seed is delayed, the chromosome aberration 
frequency is greatly increased (16). This effect appears to be comparable to 
the effect of age. 


SUMMARY 

Irradiation of Tradescantia microspores does not increase subsequent sen- 
sitivity to x-rays as measured by the frequency of induced chromosomal aberra- 
tions diuring the nuclear cycle. The slight decrease in sensitivity is to be 
exp)ected because acentric fragments are less sensitive than the centric chromo- 
somes. The physiological effects of x-rays appear to be of minor importance 
in causing injury or death of individual cells, and most of the deleterious effects 
can be attributed to ‘‘direct hits” which produce chromosomal alterations. 
In the reaction of tissues to x-rays the physiological effects may play a more 
important part. 
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There has been described elsewhere (1, 2) a permeability phenomenon anal- 
ogous in certain respects to chemical catalysis but involving a diffusion process 
rather than a chemical reaction. It now appears that this phenomenon of 
‘‘catalyzed diffusion, as it may be called for brevity, is of wider applicability 
than was at first suspected. The present paper deals with certain recently 
investigated aspects of this question. 

The work had its origin in the observation of 0rskov (3, 4) that the rate of 
hemolysis of mammalian erythrocytes in solutions of ammonium chloride can 
be enormously increased — that is, 50 times or more — by the addition of a little 
bicarbonate. 0rskov in his first paper (3) suggested that carbonic acid has a 
specific effect of some sort on the erythrocyte which makes it more permeable 
to anions; later (4) he modified this view and postulated instead an increased 
permeability of the cell to the ammonium ion. For various reasons which have 
in part been set forth elsewhere (S) neither of these explanations seems to be 
satisfactory, and there has been proposed in their place the principle of cata- 
lyzed diffusion (2), in which the action of the bicarbonate is believed to be not 
primarily upon the cell at all but rather upon the solutions on the two sides of 
the cell membrane. 

In Fig. 1 A is represented the mechanism (6) for the entrance of NH4CI into 
the erythrocyte, which in spite of certain objections (3, 4) that we believe to be 
answerable (5), seems best to explain the known facts. According to it NHa 
molecules first enter the cell and there become converted into NH4 ions; 
a subsequent shift of anions through the anion-permeable membrane completes 
the process. The overall rate of transfer of the salt is slow, chiefly because of 
the extremely low concentration of OH' ions in the cell at any given time. 

If, now, NH 4 HCO 8 — or any other bicarbonate — ^be added to the external 
solution, we have the conditions represented in Fig. 1 B in which a new molecule 
of very great penetrating power, CO2, is present. Mass law considerations 
demand that for equilibrium the product [NH 4 ]iniide X [HCOsliwide must 

* This work was made possible by a grant from The Rockefeller Foundation. 
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equal [NH4]out.ide X [HCQslouuide. Since [NH4]out.id6 is initially much 
higher than [NH4]iniide because of the high external concentration of NH4CI, 
there will be a tendency to force [HCOslinaide above [HCOalouttide- This, 
however, in an anion-permeable cell would lead to an exchange of HCOg for 
Cl'. As a final result of these two processes NH4CI has entered the cell and 



0 ) HCO,- ^ CiL) HCOJ- «=< OM- 

Fig. 1. Ionic exchanges involving the erythrocyte. The cell in each case is sup- 
posed to be on the left-hand side of the vertical line. (A) Cells in a solution of NH4CI. 
(B) Same, after the addition of NH4HCO8. (C) Cells in an alkaline bicarbonate- 
free solution. (D) Same, after the addition of bicarbonate. (£) Cells in a solution 
of a sulfate. (F) Same, after the addition of bicarbonate (first stage). (G) Same as 
F (second stage). 

HCOg is back again on the outside ready to repeat the cycle. It therefore 
serves as a catalyst, so to speak, to get the NH4CI into the cell more rapidly 
than it could enter by mechanism 1 A. 

Experimental evidence for the cycle suggested in 1 B is provided by the ac- 
tion of certain narcotics which considerably decrease the permeability of the 
erythrocyte to anions, while having little effect on that to the molecules CO* 
and NHg. The form of the swelling curves in the presence of such substances 
is, in general, that demanded by the theory (2). Low concentrations of tannic 
acid may also be used to separate in part the ‘‘molecular" from the “ionic" 
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portions of the swelling processes. More direct evidence in favor of the 
catalyzed dilTusion theory, however, is furnished by another method, entirely 
dilTerent in principle, with which the present paj)er is chielly concerned. 

IT 

It will be noted that in the cycle represented in Fig. 1 H there is at one point 
a conversion of (Xb to IK'Os; at another point the reverse change from 



Vie. 2. Volume changes of washed beef erythrocytes in M/6 NH4CI to which 
NIIdMCOa is added. 22°C. The breaks in the curves indicate intervals of 1 second. 
(A) O.OtM M NH 4 MC ()3 added. (B) Same, with carbonic anhydrase in the external 
.solution. (C) Same as B in the |)resence of 125 mg. per cent of sulfanilamide. (D) 
Same as A, but carbonic anhydrase added 6 seconds after the ])icarbonate. (E) 
Same as B, but KCN (0.007 m) added a few seconds after the bicarbonate. (F) 
Same as 1), but with half as much bicarbonate; enzyme added after about 25 seconds. 
((1) Same as F, but enzyme added before the bicarbonate. 

H(X )3 to CO'i occurs. Both of these changes are known in themselves to be 
rather slow, but to be greatly accelerated by the enzyme carbonic anhydrase 
(7). If, therefore, the catalyzed dilTusion theory be true, the overall rate of 
the entire process should be strongly influenced by this enzyme; according to 
the purely static theory of Orskov, on the other hand, there is no very obvious 
reason why such an enzyme should have any effect. The experiments here to 
be reported, involving in part the addition of more carbonic anhydrase to the 
hemolytic system and in part the inactivation of that already present in the 
erythrocytes, have given results which strongly support the theory of catalyzed 
diffusion. 

In Fig. 2 are represented certain volume changes of beef erythrocytes, re- 
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corded photographically bv the niethoil of I’ariwrt (8). 1 he breaks in tlu 

curves hulicate intervals of) second. In Fig. 2 A uashed beef cells were place.! 
in m/6 NHiCI, in which they swell very slowly. At point where the sudtien 
rise of the curve begins 0.1 ml. of m/2 NIIiHCih "’as adder to m . o t u 
suspension, the resulting bicarbonate concentration therefore being approxi- 
mately 0.(KX^ M. The swelling of the cells shown in the photograph passed 
imperceptibly into hemolysis, which under these conditions required several 
minutes for its completion, but which with the scale of magnification here used 
could not be recorded in full on the photographic pai>er. 

'Fhe conditions in Fig. 2 B were exactly the same as in Fig. 2 A exccf)! that 
at the beginning of the experiment one drop of a solution containing carbonic 
anhydrase prepared by the method of Meldrum and Roiighton (7) had been 
added to the cell sust)ension a few seconds before the beginning of the photo- 
graphic record. It is obvious that the swelling process was strikingly ac- 
celerated; tlie same was true of the hemolysis which followed. An interesting 
modification of the experiment is shown in Fig. 2 I) in which the enzyme was 
added after the bicarbonate instead of before it. The almost instantaneous 
acceleration of the swelling process which it produced is clearly shown. l*'igs. 

2 F and 2 (i correspond exactly to Figs. 2 I) and 2 li, restx?ctivcly, except 
that the concentration of bicarbonate here employed was only half as great, 
and the rate of swelling both before and after the addition of the enzyme was 
in consequence considerably slower. The addition of enzyme inactivated by 
heat had no such effect. 

An experiment of the opposite sort is illustrated in Fig. 2 C; in it the enzyme 
within the cells as well as that added externally in the same amount as in Fig. 

2 B had been inactivated before the addition of the bicarbonate bv means of 


sulfanilamide (125 mg. ix;r cent). This substance is known to have a s|)ecilic 
inhibitory action on carbonic anhydrase (9). It will be seen that under these 
conditions the bicarbonate effect almost disappeared. The same general re- 
sult has been obtained many times under a variety of conditions. It may be 
noted that the effect of .sulfanilamide on the i)ermeability of the erythrocyte to 
various non-electrolytes such as glycerol or thiourea or even to ammonium 
.salts such as acetate, which do not require an ionic e.xchangc for their pene- 
tration (6) is comparatively slight. 

While sulfanilamide acts almost instantaneously on the carbonic anhydrase 
in the external solution, its effect in the interior of the cell is subject to a slight 
delay, 'fhus the rate of swelling, on the addition of bicarbonate, of cells sus- 
pended in NH 4 Cd saturated with sulfanilamide is distinctly slower after an ex- 
posure of 2 minutes than after one of a few seconds; indeed, in the latter case 
a complete photographic record shows for a short time a gradual decrease in 
the rate of swelling, after which no further change of rate occurs, ('onversely, 
cells previously saturated with sulfanilamide do not instantly reach their 
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maximum rate of swelling when placed in a sulfanilamide-free mixture of 
NH4('1 and NH 4 HC() 3 . It may be concluded, therefore, that although in its 
powers of entering living cells sulfanilamide must be classed as a readily 
penetrating compound, the erythrocyte is not as permeable to it as it is, for 
example, to urea, acetamide, various alcohols, etc. 

It is also known that carbonic anhydrase can be reversibly inactivated by 
cyanides (10). The rapidity with which these substances pnxluce an internal 
effect on the erythrocyte is well shown in Fig. 2 P"., in which the addition of 
0.05 ml. of 2 M KTN to 15 ml. of the stirred cell suspension almost instantly 
stopped even the maximum rate of swelling attainable under the conditions of 
the experiment. The inhibitory effect of cyanides on the enzyme present in 
the interior of the erythrocyte seems to be completely reversible on washing 
the cells. It should be noted that while cyanides inhibit the catalytic effects 
of bicarbonates on the entrance of NH 4 ('l, they may under appropriate con- 
ditions have a catalytic effect of their own, though a considerably weaker one 
than bicarbonates. 'Fhis behavior would be expected from certain other simi- 
larities between carbonic acid (11) and H("N (12) and their salts. An analo- 
gous effect of sulfides might also be anticipated (13) and has in fact been in- 
dicated by some preliminary experiments (2). 

'Fhe effects of carbonic anhydrase and of sulfanilamide on the Orskov effect 
can also readily be demonstrated and even measured quantitatively with a 
very satisfactory^ degree of accuracy by the hemf)lysis method, which in its 
simplest form requires no apparatus but a test-tube and a stop-watch. This 
method, in general, gives results very similar to those already described except 
that in any given experiment only a single point on the swelling curve instead 
of the entire curve is o|:)en to investigation. 

To meet the i)ossible objection that the supposedly pre-hemolyt ic optical 
changes recorded in Fig. 2 might be due in part to some undetected non-osmotic 
type of hemolysis, the experiment was varied so as to avoid hemolysis alto- 
gether. In Fig. 3 arc shown the volume changes of erythrocytes suspended in 
isotonic Na(1 when shrinkage is first prcxluced by the addition of saturated 
NH4CI (0.3 ml. to 15 ml. of su.spension) and restoration of the original volume 
is then accelerated by the further addition, at the point where the sloj^e of the 
curve changes, of 0.1 ml of ^T/2 NH 4 lIC'() 3 . The rise of the curves somewhat 
above the starting point in these figures is due to the unavoidable slight dilu- 
tion of the cell suspension, to which the optical system used for recording is 
very sensitive. As before, the acceleration of the rale of swelling by bicar- 
bonate (Fig. 3 A), the further acceleration by the addition of enzyme (Fig. 
3 B), and the almost complete abolition of the bicarbonate effect by sul- 
fanilamide (Fig. 3 C') are clearly shown. 

'Fhe effect of sulfanilamide under these various conditions is readily rever- 
sible. Even after an extx)sure of more than 30 hours to a saturated solution 



S44 


lOSIC KXCirAXGI'S 


in isotonic NaCI beef erythrocytes recovered their ori^inul I)ehiivior lifter 
being washed twice in a sulfanilamide-free isotimic salt solution. As to the 
lowest effective concentration of sulfanilamide, the hemolysis method with 
human erythrocytes under certain conditions (pll 7/) with a |)hos])hate-pht ha- 
late buffer) showed a distinct inhibiting action of as little as ().(M mg. |x?r cent, 
which is approximately the same as the minimum concentration (2 X 10 m) 
found by Mann and Keilin (0). \Vc have some reason to believe, however, 
that a systematic search for the optimum experimental conditions might enable 
this value to be carried even lower. As it stands, it is roughly only 1 A^(K) of a 


A 






C 


A, 


Fig. 3. Volume changes of washed beef erythrocytes originally in m''6 Nat1. 0..^ 
ml. of saturated NH4CI added to 15 ml. of the suspension, followi*d by 0.05 ml. of 
m/2 NH 4 HC() 3 . 22®C. The breaks in the curves indicate intervals of 1 second. 
(A) NH4IICO3 alone added. (B) Same as .\, but with carbonic anhydrase in the 
external solution. (C) Same as B in the presence of 125 mg. per cent sulfanilamide. 

typical concentration (10 mg. per cent) in the blood of human jiatients under 
sulfanilamide therapy. In this connection it may be mentioned that sulfa- 
pyridine, as would be anticipated from its behavior with carbonic anhydrase 
in vitro (0), has been found to have no demonstrable inhibitory effect on the 
volume change of erythrocytes produced by NH 4 ('l -NlbllC’Oa .systems.' 

Ill 

As a result of the experiments so far outlined and others of a similar nature 
it may be said with some confidence that the 0rskov effect is not only influenced 
by carbonic anhydrase but is largely dependent on it. Support therefore seems 
to be given to the catalyzed diffusion theory. The principle in c|uestion, has, 

' Sulfathiazolc behaves like sulfapyridine. 
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however, a wider applicability than merely to the behavior of ammonium salts, 
since It seems to be involved in other more freiiuently encountered ionic ex- 
changes of a different sort. 

C'onsidcr, for example, the volume changes of erythrocytes produced by pH 
changes of the external medium. Ihese cells have long been known to swell 
in acid and to shrink in alkaline solutions (14 16) at rates which are, in general, 
rather slow, requiring minutes or t)ossibly sometimes even hours for the attain- 
ment of the final equilibrium volume. In the presence of a little bicarbonate, 
however, we have found that the corresponding times may, under favorable 
conditions, be shortened to a few seconds; and this fact has since been put to 
practical use in bringing about lapid equilibration of erythrocytes to solutions 
of altered j)H. 

'I'he theory of the effect is very simple (Fig. 1 ('). On making an external 
bicarbonate-free solution more alkaline there is an exchange of OH' ions from 
the solution for 01' ions from the cell. Most of the OH' ions combine within 
the cell to form water, which is osmotically inactive, the K* formerly paired 
with the CV now being held by the [wdy valent hemoglobin ion. The osmotic 
effect of the VV is therefore largely lost without being replaced by anything 
else, and the c^ell shrinks. 'Hie rate of the process, cxccjit at high degrees of 
alkalinity, is quite slow, presumably because of the low concentration of OH' 
ions. If, however, iiicarlionate be present (ID) in a c'oncentration which, 
though low as compared with that of ('!', is very high as compared with that of 
Oir, a rapid “catalyti('” cycle becomes possible between the more alkaline 
external solution and the more acid cell. ( )n the acid side of the cell membrane 
the tendency is to form Otb from HC'Og; on the alkaline side, the reverse. 
As long as a pi I differenc e exists between the cell and its surroundings and there 
is to exchange for HC'Os the cycle can continue (see in this connection 17). 
'Fhc exchange of VV for IK'oll is known to be an extremely rapid process (18, 
ly), and in the ])resence of carbonic anhydrase the other parts of the cycle can 
also become rapid. The final equilibrium should therefore be approached far 
more quickly in the presence than in the ab.senc e of bicarbonate. 

It is easy to show' the effect of bicarbonates and of carbonic anhydrase on 
the rates of shrinkage and swelling produced by pH changes. In hig. 4 A 
beef erythrocytes were suspended in a buffered salt solution at pH 7.01. 
Knough XaOH was then added to change the pH to 8. .15. 1 he shrinkage that 

follow'ed was so slow that no attempt w’as made to follow' it photographically 
to its end. Instead, after about 00 seconds enough acid w'as added approxi- 
mately to restore the original pH; and a slow' return towards the original \ol- 
ume occurred. It will be seen in Fig. 4 H that the presence of a little bicar- 
bonate greatly' accelerated both processes, particularly' the swelling. 
addition of carbonic anhydrase (Fig. 4(') still further increased the rapidity 
of shrinkage, though under the c'onditions of this particular experiment it die 
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not make very much difference in the swelliiif; process. In the present e of 
sulfanilamide.'on the other hand (Fig. 4 D). the same amounts of l.icarlmnate 

cand of en;{_vme as in Fig. 4 (' were almost without effeit. , . 

Particularly strikinf' results can be obtained with cells susj)en( ct in isotonic 
sugar solutions made alkaline with NaOH. I'lidcr these conditions shrinkage 


A 










D 




Fir.. 4. X^olumc changes of washed l)eef erythrocytes originally in M '6 NaCl buf- 
fered at i)H 7.01 with a phosphale-phthalate mixture. 22°r. The breaks in the 
curves indicate intervals of I second. (A) Suflicient XaOH added to change the pH 
to 8.35, then sufficient HCl approximately to restore its original value. (B) Same 
as A in the presence of 0.002 m NallCOa. (C) Same as B with carbonic anhydrase 
in the external solution. (D) Same as C in the presence of 125 mg. per cent of 
sulfanilamide. 

occurs fairly rapidly, but can be greatly accelerated by bicarbonates. Fig. 
5 A represents the behavior of a stirred susfxjnsion of lieef erythrocytes in a 
0.3 M sucrose solution which, at the point where the descent of the curve begins, 
was suddenly brought to pH 8.9 with NaOH. 'Phe resulting shrinkage of the 
cells was still in progress, though nearly complete, in 90 seconds. Fig. 5 B 
represents a similar exjieriment, begun in exactly the same way, but with the 
addition after 15 seconds of a small amount of bicarbonate (0.(K)2 m). The 
response of the cells to the presence of the bicarbonate is strikingly shown. A 
second addition of the .same amount of bicarbonate after the descent of the 
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curve had been completed (6 seconds from the end of the record) can be seen 
to have had almost no further effect. The pH of the solution in this case was 
little changed by either addition of bicarbonate, the chief effect of the latter 
being greatly to hasten the attainment of an otherwise predetermined equi- 
librium — which is the essence of the behavior of a catalyst. 

Another series of experiments, not here represented by photographs illus- 
trate another aspect of the “catalytic’’ effect of bicarbonates. In each case 



Fio. 5. Volume changes of washed beef erythrocytes originally in O.vS m sucrose. 
22°C. The breaks in the curves indicate intervals of 1 second. (A) Suflicicnt 
NaOH added at the descent of the curve to bring the pH to 8.9. (B) Same, but at 

the point of the second, more rapid descent NaHCOs (0.002 m) was added. An equal 
amount of NaHCOs was again added 6 seconds from the end of the record. (C) 
Cells in 0.3 M sucrose. (D) Same as C but at the point of the rapid descent NaHCOs 
(0.(X)2 m) was added. (E) Same as 1) in the presence of 125 mg. per cent of sulfanil- 
amide. 

the cells were placed in a 0.3 m sucrose solution made alkaline with NaOH, 
and bicarbonate was added as before, but after different times in the different 
experiments. (See also in this connection Fig. 6.) The rapid shrinkage in- 
duced by this addition was very different in magnitude according to the time 
at which it occurred, but in each case was approximately that required to 
complete the process of shrinkage already in progress. As before, a further 
addition of bicarbonate after the attainment of the hnal cell volumes had only 
negligible effects. 

Bicarbonate effects of this tyjie, like those involving ammonium salts, are 
greatly reduced by inhibitors of carbonic anhydrtase such as cyanides and sulf- 
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anilamide, as is shown in the series of experiments represented in Fig. 5. In 
Fig. 5 C' washed beef erythrocytes were suspended in 0.5 m sucrose, in which a 
very slow shrinkage takes place, presumably in consequence of the exchange 
of Cl' ions from the cell for OH' ions from the surrounding non-electrolyte 
solution (for a discussion of this behavior, see Jacobs and Parpart, 20, 21, and 
Wilbrandt, 22). The addition of bicarbonate to such a suspension has the 
double effect of greatly increasing the concentration of OH' and at the same 



Fig. 6. Volume changes of washed beef erythrocytes in m/12 i\a 2 S()i buffered at 
pH 7.4. (The slight hypotonicity of the solution was intentional to avoid the pos- 
sibility of direct osmotic effects during the course of the expi*riment in the same 
direction as those caused by the ionic exchange.) 22®C. The breaks in the curves 
indicate intervals of 1 second. (A) At the point of sudden descent of the curve 
NallCOa (0.002 m) was added. A second equal amount added a few seconds from 
the end of the curve had a negligible effect. (B) Same as .\, but the first addition 
of bicarbonate was made earlier. (C) Same as B in the presence of 125 mg. per 
cent of sulfanilamide. 

time bringing into action the catalytic mechanism already discussed. 'Fhe 
resulting shrinkage (Fig. 5 1)) was the most rapid that has as yet been obtained 
by any method involving the effects of increased alkalinity, being virtually 
complete in 4 or 5 seconds. The effect of sulfanilamide, shown in Fig. 5 K, 
is greatly to retard this change, which in its presence was not finished even at 
the end of 90 seconds. It should, of course, be noted in this, as in other cases 
that bicarbonates are not completely ineffective in the absence of active car- 
bonic anhydrase, since the reaction C ()2 + 1120 ^ HoOC)., can take place in 
either direction without the assistance of any enzyme, though at a greatly re- 
duced rate. 
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The general conclusion to be drawn from the experiments discussed in the 
present section, and from other similar ones that have not been mentioned, 
is that the catalytic” effect of bicarbonates on the alterations of the cell 
volume induced by pH changes is as striking as that previously described for 
ammonium salts. Like the latter, it is dependent for its full effectiveness on 
the presence of the enzyme carbonic anhydrase. 

IV 

In the cases so far discussed the role of CO 2 and HCOj in promoting ionic 
exchanges is fairly obvious. A somewhat more surprising instance of an ap- 
parent catalytic effect of bicarbonates has been found in connection with the 
volume changes of erythrocytes associated with the exchange of Cl' from the 
cells for SO4 from the surrounding solution. This phenomenon, which de- 
pends on the fact that one bivalent ion is osmotically less effective than the two 
univalent ions for which it must be exchanged, has recently been studied by 
Parpart (23), who worked exclusively with well washed erythrocytes from 
which most of the bicarbonate had presumably been removed. Under these 
conditions he found that the rate of exchange of the two ions is rather slow, the 
times for one-half completion of the process at 20°C. frequently being measured 
in minutes rather than in seconds. 

In repeating some of Parpart’s experiments with m/9 and m/12 solutions of 
Na 2 S 04 buffered at different pH values by a phosphate-phthalate mixture, 
we were surprised to find that the addition of low concentrations of sodium 
bicarbonate rapidly brought about the attainment of the final volume — fre- 
quently within a few seconds. That the effect was not merely that of alkalinity 
per se, urhich Parpart had studied, was shown by the fact that the pH changes 
of the buffered solution produced by low concentrations of bicarbonate were 
usually rather slight. Furthermore, even with the most careful pH control 
the bicarbonate was found to have a relatively enormous effect of its own, 
which in several important respects resembled that described in the preceding 
sections. 

For example, at a constant pH value the cell volume finally attained in a 
buffered solution of Na 2 S 04 was, within reasonable limits, independent of the 
amount of bicarbonate added, though the rates of its attainment varied as 
before. Furthermore, at constant pH, the addition of more bicarbonate 
after the equilibrium volume had been reached had little effect. Likewise, 
the magnitude of the acceleration following the addition of the bicarbonate 
depended on the time of its addition. Finally, and perhaps most important, 
the bicarbonate effect largely disappeared in the presence of sulfanilamide or 
KCN, indicating that, as before, the enzyme carbonic anhydrase was playing 
a part in the process. Some of these peculiarities of behavior are shown in 

Fig. 6. 
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Though the exact Tni»rha.niam of action of HCO» on the Cl'-SOi exchange is 
still under investigation, a tentative explanation of it may ^ suggested. ^ 
has already been noted above, the exchange of HCOj for Cl is known to^be 
extremely rapid. When, therefore, sodium bicarbonate is added to a solution 
of a salt with a much more slowly penetrating anion such as SO4 there will 
be a tendency, regardless of this ion, for an immediate approach toward the 
Donnan distribution [CV]i/[CV]o = [HCO;]./[HCO,l, the subscripts i and 0 
indicating inside and outside respectively. It is easy to show that for a ratio 
of volume of solution to volume of cells of 6OO1I, which vras approximately 
that involved in the present experiments, an exchange of equal numbers of 
the two ions in question would lead to a very high value of [HCOa],- as com- 
pared with [HCO^]o, le,; to a considerably increased internal alkalinity of the 
cell. This, by the mechanism already discussed, would lead to a rapid shrink- 
age of the cell; and it is reasonable to suppose that the immediate volume 
changes on the addition of bicarbonate recorded in Hg. 6 may be largely due 
to this factor. Indeed, a situation in which it is the only factor of significance 
is provided by the use of isotonic sodium citrate instead of sodium sulfate for 
the external solution. Since erj'throcytes are almost imp)ermeable to the 
citrate ion (2, 24) their beha^dor in a solution of sodium citrate, both before 
and after the addition of bicarbonate, in certain respects should be, and has 
actually been found to be, essentially the same as that in a solution of sucrose, 
which has already been discussed. 

The subsequent exchange of SOl^ for HCOj cannot be followed by the 
method of volume changes, since theoretically about the same shrinkage 
should result either from the exchange of a given number of Cl' ions from the 
cell for an equal number of HCOj ions, or for half the number of SO4 ions, 
from the surrounding solution. It has, in fact, been found experimentally that 
cells first equilibrated with m/6 NaHCOs and then placed in m/ 9 Na2S04 
show an almost complete absence of the moderately slow volume changes 
that occur under these conditions with cells previously equilibrated with 
m/6 NaCl. 

While the most obvious part of the volume change produced by the addition 
of bicarbonate to a Na2S04 solution therefore appears to be associated with a 
temporary tendency towards increased intracellular alkalinity (Fig. 1 F), 
it would seem theoretically that under the conditions of these experiments 
SO4 ought to enter the cell more rapidly after most of the Cl' of the cell has 
been replaced by HCOj than before, in consequence of the operation of the 
cycle represented in Fig. 1 G. Some experimental evidence in favor of this 
view has been obtained by studying the increases in cell volume on the ad- 
dition of small amounts of NaCl to the external solution at different times 
during and after the shrinkage process; but more work along these lines will 
be required before this evidence can be considered complete. There is also a 
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possibility, suggested by the work of Parpart, that the increased intracellular 
alkalinity resulting from the exchange of Cl' for HCOj may make the cell 
more permeable to the SOi^ ion. At all events, there is no doubt that the 
otherwise rather slow shrinkage of erythrocytes in buffered Na 2 S 04 solutions 
can be greatly accelerated by the presence of low concentrations of bicar- 
bonates, this effect being, in turn, strongly influenced by the enzyme car- 
bonic anhydrase. 

What is true of the erythrocyte is doubtless also true of other cells which 
are permeable to anions. The presence of carbonic anhydrase in large quan- 
tities in tissues such as the gastric mucosa (25), the gills of fishes (26), etc., 
in which there is reason to believe that exchanges of anions of different sorts 
takes place, is of possible interest in this connection. In conclusion, it may 
be noted that in the case of cells which are more permeable to cations than to 
anions, of which many examples are known in both animals and plants, it 
would be reasonable to expect that ammonia might perhaps take part in a 
‘‘catalytic” cycle similar to that here suggested for carbonic acid in the case 
of anion-permeable cells (27). This field has, however, not yet been investi- 
gated. 

SUMMARY 

1. The acceleration by bicarbonates of the swelling and hemolysis of erythro- 
cytes in solutions of ammonium salts, first reported by 0rskov, is strikingly 
dependent upon carbonic anhydrase, being almost abolished by inhibitors of 
this enzyme such as KCN and sulfanilamide, and under suitable conditions 
being enhanced by its addition to the external solution. This behavior gives 
support to the theory of “catalyzed diffusion” as an explanation of the 0rskov 
effect. 

2. The inhibitory effects of both sulfanilamide and KCN seem to be capable 
of complete reversal on washing the erythrocytes in isotonic salt solutions. 
The full effect of KCN appears almost instantly; that of sulfanilamide requires 
a period measured in seconds, or possibly even in minutes, to reach its maxi- 
mum, the delay presumably being due to the slower penetration of the erythro- 
cyte by this substance. Under favorable conditions the effect of concentra- 
tions of sulfanilamide of a few hundredths of a milligram per cent can be 
demonstrated. No similar effects have been obtained with sulfapyridine. 

3. Bicarbonates also have a “catalytic” effect on the response of the internal 
pH of erythrocytes to changes in that of their surroundings. The resulting 
volume changes of the cell, which otherwise frequently require many minutes 
for their completion, may take place within a few seconds in the presence of 
low concentrations of bicarbonates. At a given pH value the effect of the 
latter substances is chiefly on the rate of the change and only to a minor extent 
on its magnitude. It noiay be further accelerated under appropriate conditions 
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by the addition to the cell suspension of carbonic anhydrase, and can be almost 
abolished by KCN and by sulfanilamide. 

4. Volume changes of erythrocytes associated with exchanges of Cl' for 
SO 4 ions are greatly accelerated by low concentrations of bicarbonates, this 
effect being likewise dependent upon carbonic anhydrase. There is some 
evidence that in this case the exchange takes place, at least in part, in two 
steps: Cl' for HCOj and HCOj for SOi'. 
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VISUAL ACUITY AND ILLUMINATION IN DIFFERENT SPECTRAL 

REGIONS 
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I 

INTRODUCTION AND PROCEDURE 

It has long been known that visual acuity increases with the illumination 
(UhthoflF, 1886, Koenig, 1897). A precise study of this function with white 
light (Shlaer, 1937) has shown that the data fall into two distinct functions, one 
at intensities below about 0.1 photon, and the other at intensities above that. 
This separation is understandable in terms of the duplicity theory. 

Because of the different sensibilities of the rods and cones in the spectrum, it 
is to be expected that the short wave end of the spectrum will give the greatest 
separation between the rod and cone functions, that the long wave end will give 
practically a pure cone function, and that the intermediate spectral regions will 
give intermediate separations. Such a situation has already been found in 
intensity discrimination, flicker, dark adaptation, and is indicated in Koenig’s 
(1897) visual acuity data (Hecht, 1937). We therefore determined to measure 
the relation between visual acuity and illumination in lights of different re- 
stricted spectral regions, using the same two test objects as in the previous study 
with white light. These were a broken circle (C) with the break equal to the 
width of the line forming the circle and one-fifth its outside diameter, and a 
grating having opaque and transparent bars of equal size. Because visual 
acuity measurements are extremely difficult and tedious to make, and because 
the intermediate spectral regions give results of but secondary im- 
portance, most of the measurements to be presented here were made with only 
the two extremes of the visible spectrum, the red and the blue. 

The apparatus we used has already been described in detail (Shlaer, 1937). 
It consists essentially of a device in which the test object is presented at a fixed 
distance of 1 meter from the eye in the center of a uniform field about 30® in 
diameter, and is viewed through an artificial pupil. The size of the test object 
may be changed continuously over a 1 to 100 range by means of a variable focus 
projection system, while the illumination is varied in small steps by means of 
neutral filters. The neutral filters were calibrated in light transmitted by the 
color filters, using a Koenig Martens photometer. The heterochromatic den- 
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sity of the color filters was determined by comparison with similar filters cali- 
brated by Hecht and Snodth and used in the flicker investigation by Hecht and 
Shlaer (1936). 

The procedure was for the most part as already described. The subject was 
first completely dark adapted. His visual acuity was then determined at the 
lowest intensity possible after he had become completely adapted to that field 
brightness. The intensity was then raised a suitable amount and the measure- 
ment repeated after the subject had again become adapted to the new bright- 
ness. This was continued till a little more than half the complete intensity 
range had been covered. The very next day measurements were begun a little 
below the highest point reached in the previous session and carried to the end of 
the intensity range. In this way exceptional fatigue of the observer was 
avoided, while the overlapping points of the two consecutive sessions gave as- 
surance that no change in the sensitivity of the observer had occurred. Other 
differences from the previously described procedure will be noted below in the 
relevant sections. 

Measurements were made with the right eye of E.L.S. and of A.M.C., while 
S.S. was the manipulator. E.L.S. and A.M.C. had served as observers in the 
previous study with white light. 


n 

Results with the C Test Object 

Measurements with the C as test object were made with light of two different 
spectral regions: (1) that transmitted by Eastman Kodak Wratten filter No. 
70 (the color is red of dominant wavelength 670 miu), and (2) that transmitted 
by Wratten filter No. 75 and Corning filter No. 428 (the color is blue of domi- 
nant wavelength 490 dim). Filter 75 was chosen in preference to 76 (violet, of 
dominant wavelength 450 m/i) because its visual density is much lower, enab- 
ling maximal visual acuities to be attained, while the displacement of the rod and 
cone sections of the data is nearly the same as that produced by violet light. A 
fixed pupil of 2 mm. diameter was used for both. 

The Corning filter served two purfX)ses. It absorbed the small amount of red 
light transmitted by the blue Wratten filter, and was ground to be a lens of — 1 
diopter (focal length of 1 meter). The latter overcomes the difficulty of the 
emmetropic eye in focusing the test object in blue light because of chromatic 
aberration.^ 

^This phenomenon may be simply demonstrated by means of the ‘‘monochrpmat” 
series of Wratten filters of Eastman Kodak Company. If one looks through these 
filters at some distant object, one finds that fine detail is readily perceived through all 
but filters 75 (blue) and 76 (violet). With these a lens of about —1 diopter at once 
restores the sharpness of vision. 
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The data are given in Table I. Each datum is the average of determinations 
made in two different complete runs. Those in black type represent measure- 

TABLE I 

Fwwo/ Acuity and Illumination y C Test Object 
The bold faced numbers represent determinations with peripheral vision in a subjectively 
colorless field; the italic numbers, with parafoveal vision in a colored field; and the rest, with 
foveal vision in a colored field. 


Red (X ■■ 670 m/c) 

Blue (X 490 mu) 

Log 1 in photons 

Log visual acui^ 

Log / in photons 

Log visual acuity 

A.M.C. 

E.L.S. 

A.M.C. 

EX.S. 

1 

2 

3 

4 

5 

6 

-1.87S 

-1.434 

-1.481 

-3.865 

-1.468 


-1.54f3 

-1.192 

-1.304 

-3.392 

-1.181 

-1.363 

-1.243 

-0.954 

-1.055 

-3.084 

-1.067 

-1.233 

-0.841 

-0.657 

-0.715 

-2.785 

-0.949 

-1.108 

-0.522 

-0.435 

-0.468 

-2.269 

-0.824 

-0.886 

-0.219 

-0.269 

-0.314 

-1.961 

-0.782 

-0.778 

0.193 

-0.104 

-0.121 

-1.662 

-0.734 

-0.708 

0.S12 

0.018 

0.016 

-1.317 

-0.649 

-0.654 

0.815 

0.118 

0.108 

-1.009 

-0.564 

-0.563 

1.147 

0.213 

0.199 

-1.009 


-0.653 

1.466 

0.258 

0.251 

-0.710 

-0.482 

-0.446 

2.086 

0.302 

0.324 

-0.710 

-0.720 

-0.520 

2.718 

0.328 

0.353 

-0.273 

-0.377 

-0.270 

3.439 

0.364 

0.370 

-0.273 

-0.460 

-0.310 

4.154 

0.374 

0.387 

0.035 

-0.278 

-0.126 

4.776 

0.381 

0.400 

0.035 

-0.316 

-0.148 




0.334 

-0.140 

-0.002 




0.759 

0.019 

0.144 




1.068 

0.118 

0.215 




1.367 

0.212 

0.267 




1.883 

2.191 

0.302 

0.321 




2.490 

2.835 

0.347 

0.389 




3.143 


0.403 




3.442 

3.879 

0.371 

0.410 




4.187 

0.389 





4.486 

0.402 

0.411 


ments in subjectively colorless fields. The data of columns 2 and 5 are shown 
in Fig. 1 and those of columns 3 and 6 in Fig. 2. To separate the measurements, 
the data for red light are plotted 0.5 log units lower on the log visual acuity 
axis. 
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It can be seen from these figures that the data with blue light fall into two 
distinct curves, one (for the rods) at low intensities of illumination and one (for 
the cones) at the higher intensities. The data with red light fall into a single 
continuous curve with the possible exception of the first point at the very low- 
est intensity. 



Fig. 1. The data of A. M. C. with the C test object from Table I, columns 2 and 5. 
The lower data (ordinates at the right) are with red light. The upper data (ordinates 
at the left) are with blue light. The filled circles are the measurements made with 
the periphery in a subjectively colorless field and represent pure rod function. The 
half-filled circles are the measurements made with the parafovea in a subjectively 
colored field and represent combined rod and cone function. All other circles are 
measurements made with the fovea and represent pure cone function. The curves 
drawn through both the rod and cone data are of equation (1) where w = » = 2 and 
visual acuity is proportional to x". 

The curves drawn through all the cone data are theoretical and are the same 
ones previously drawn through the cone data with white light. These curves 
are graphs of Hecht^s (1937) stationary state equation for the photoreceptor 
process: 

KI af**/ (fl — x)"* (1) 

where / is the intensity of illumination, (o- ru) is the concentration of photo- 
products, m and n are the orders of the photochemical and thermal reactions 
respectively, and AT is a constant. In the form used here, visual acuity is pro- 
portional to while m and n are both 2. Because the rod data obtained with 
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blue light are more extensive, a more critical selection of the theoretical curve is 
possible. In these figures the curves drawn through the rod data are the same 
ones drawn through all the cone data. 

Comparison with Fig. 1 of the earlier work with white light (Shlaer, 1937) 
shows that the rod function in blue light is situated about 1.5 log units lower on 
the intensity axis than in white light. This is in accordance with expectation 
and is similar to the behavior of other visual functions (see review by Hecht, 
1937). The intensity scale is, by definition, that of the cones. Because the 
spectral sensibility of the rods lies further towards the blue end of the spectrum 



Fig. 2. The data of E.L.S. with the C test object from Table I, columns 3 and 6. 
The symbols and curves are as in Fig. 1. 


than does that of the cones, a blue light of a given cone intensity will have a 
greater brightness to the rods than a white light having the same cone in- 
tensity. This is the familiar Purkinje phenomenon. Therefore any visual 
function of the rods dependent on intensity will be shifted to lower intensities 
on a cone brightness scale when the short wave end of the spectrum is used. 

With white light there exists an intensity range at the beginning of the cone 
function where foveal fixation of the test object gives lower visual acuities than 
parafoveal fixation (Shlaer, 1937). This was ascribed to the behavior of para- 
foveal cones. 

We have now studied this phenomenon somewhat more fully by determining 
at each intensity of this region the visual acuity first with the more sensitive 
parafoveal region, and then with foveal fixation. The former values appear in 
italics in the table and in half-filled circles in the figures. 
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It will be seen that this phenomenon is present in the measurements made 
with blue light, but is entirely absent in those made with red light. This must 
mean that those values of visual acuity that lie above the curves at the transi- 
tion region are mediated by both rods and cones. For if they were due only to 
the parafoveal cones, they should appear also in the red light data; moreover, if 
they were due only to the rods, then these points should appear at the same 
intensity above the rod threshold in both the white and blue light data. This 
demands that these points lie about 1.5 log units lower on the intensity axis 
(cone scale) since that is the amount that the rod curve has been shifted in blue 
light as compared to its position in white light. Neither of the above two con- 
ditions obtain in these data; on the contrary, these points appear only at the 
region of transition from rod to cone function. It is therefore clear that these 
points are the result of the cooperative activity of both the rods which are near 
their maximal activity and the cones whose activity is just becoming apparent. 

It has long been known that the brightness of a field may be the result of 
simultaneous activity of both rods and cones. Thus the luminosity function 
determined at certain intermediate intensities is intermediate between the 
bright (cone) function and the dim (rod) function (Koenig, 1891). However, 
this is the first time, we believe, that an increase in a visual function dependent 
on brightness has been demonstrated to take place when both rods and cones 
act simultaneously. 

ra 

Results with the Grating Test Object 

The measurements with the grating in colored light were made under some- 
what different conditions than in white light. Because the colored filters re- 
duce the illumination by a factor of 100 or even 1000, the ground glass sources 
used with white light were removed and the apparatus was used as for the C so 
that suflBcient brightness for maximum visual acuities was available. The 
small central dot used previously as a plane-finding fixation mark served ade- 
quately at high intensities but was quite invisible at low ones. To overcome 
this deficiency a ring of 62 mm. outside diameter and 7.5 mm. wall thickness was 
mounted on the field lens. Such a ring is visible at the lowest intensities used. 

It was shown (Shlaer, 1937) that for grating resolution a pupil less than 2.3 
mm. in diameter is the limiting factor at maximal brightness in white light. 
This limitation is the result of two factors. (1) A repetitive pattern such as the 
grating gives rise to diffracted spectra in the plane of the pupil. For every 
point in the source there is formed an undeviated and undiffracted image (zero 
order spectrum) to both sides of which lie the different higher order spectra in 
which the deviation is proportional to the wavelength. (2) For a lens to form a 
true image of such a repetitive object it must be large enough to transmit the 
entire diffraction pattern formed by it (Abbe, 1873). As the lens aperture is 
made smaller and smaller the image becomes poorer and poorer until, when only 
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the zero order spectrum alone is transmitted, no discernible pattern at all can be 
detected in the image plane. For the human eye in white light the pupil need 
be only large enough to transmit the zero order spectrum and most of one first 
order spectrum in order that the retina be able to resolve the image. Since the 
red end of a diffraction spectrum is furthest from the undiffracted source image, 

TABLE II 

Visual Acuity and Illumination^ Grating Test Object 


The bold faced numbers represent determinations made in a subjectively colorless field. 


Red (X » 670 mti) 

2 xnm. pupil 

Red (X 670 mp) 

3 mm. pupil 

Blue (X i«490 m/t) 

2 mm. pupil 

Log I in 

Log visual acuity 

Log /• in 

Log visual acuity 

Log I in 

Log visual acuity 

photons 

A . M . C . 

E.L.S. 

photons 

A . M . C . 

E.L.S. 

photons 

A . M . C . 

E.L.S. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

- 1.546 


- 0.818 

- 1.210 

- 0.440 

- 0.650 

- 3.392 

- 0.982 

- 1.007 

- 1.243 


- 0.652 


- 0.313 

- 0.501 

EMI 

- 0.906 


- 0.841 

- 0.372 

- 0.383 

- 0.505 

- 0.154 

- 0.377 

- 2.786 

- 0.832 

- 0.836 

- 0.522 

- 0.226 

- 0.193 

- 0.186 

BSttI 

- 0.225 

- 2.269 

- 0.764 

- 0.738 

- 0.219 


- 0.118 

0.117 



- 1.961 

- 0.666 

- 0.649 

0.193 



0.529 



- 1.662 

- 0.616 


0.512 



0.848 

0.129 


- 1.317 

- 0.517 

- 0.476 

0.815 



1.151 

0.172 



- 0.401 

- 0.336 

1.466 

0.137 



0.215 

0.197 

- 0.710 

- 0.314 

- 0.223 

2.086 

0.162 

0.167 

2.422 

0.263 

0.254 

- 0.273 

- 0.185 

- 0.131 

2.718 

0.179 

0.195 

3.054 

0.300 

0.308 

0.035 

- 0.101 

- 0.064 

3.439 

0.192 

0.209 

3.775 

0.320 

0.318 

0.334 

- 0.017 

- 0.009 

4.154 

0.200 





0.759 

0.077 

0.076 







1.367 

0.145 

0.151 







2.191 

0.192 

0.206 







2.835 

0.234 

0.254 







3.442 

0.262 

0.286 







4.187 

0.261 

0.289 


♦Thevaluesof log /in this column are those of column 4 to which the value 0.336 has been 
added. The added value represents the logarithm of the ratio of the effective pupil areas; 
i. tf., the actual areas corrected for effectiveness from the data of Stiles and Crawford (1933). 
The difference between the effective and actual area ratios is small, the logarithm of the 
latter being 0.352. 

it follows that a larger pupil is necessary to achieve maximum visual acuity in 
red light than in any other colored or white light. It will be shown below that a 
diameter of 3 mm. is more than adequate to eliminate the pupil as a limiting 
factor even for red light. For this reason the relation of visual acuity and il- 
lumination was determined with both a 2 and 3 mm. pupil in red light and with 
only a 2 mm. pupil in blue light. 

The data are given in Table II. Each value of log visual acuity represents 
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the average of determinations obtained in three complete runs with the excep- 
tion of the initial value of column 3 which is the average of only two runs. As 
with the white light data, it is possible to plot the observations of both ob- 
servers on the same grid and to fit them with one curve. The only exception is 
the data of column 6. These data were taken during an interval shortly after 
E.L.S. recovered from a severe cold. The result is that the entire curve is 
shifted about 0.5 log units higher on the intensity axis as compared to his pre- 
vious and also subsequent data, as well as compared to the data of A.M.C. in 



Fig. 3. The data of both observers with the grating test object, red light, and a 
pupil of 2 mm. diameter. The unfilled circles are for A.M.C. from Table II, column 
2. The filled circles are for E.L.S. from Table II, column 3. The curve drawn 
through these data is of equation (1) where w =* « =» 2 and visual acuity is propor- 
tional to iC*. 

column 5. For this reason all of these data are plotted 0.5 log units lower on 
the intensity axis than given by the table. 

The data with red light and a 2 mm. pupil are plotted in Fig. 3; those with 
red light and a 3 mm. pupil in Fig. 4; and those with blue light in Fig. 5. The 
curve drawn through the data of Fig. 3 is theoretical and is the same one drawn 
through the cone data with white light; that drawn through the data of Fig. 4 
and through the cone data of Fig. 5 is of the same equation but of half the slope 
as that in Fig. 3. The rod data of Fig. 5 appear about one log unit lower on the 
intensity axis as compared to those of white light, but are still too scanty to 
permit of any critical curve fitting. 

It wiU be recalled that the white light grating data were adequately described 
by the same equation that described the C data, namely, 

KI - flj"/ (a - «)"* 


( 1 ) 
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Lc^ F^iina! IHumincftion '^Phcftons 

Fig. 4. The data of both observers with the grating test object, red light, and a 
pupil of 3 nun. diameter. The unfilled ordes are for A.hl.C. from Table II, column 
5. The fiiUed circles are for E.L.S. from Table II, column 6, but plotted 0.5 log units 
lower on the intensity axis than given in the table (see text). The curve drawn 
through the data is of equation (1) where »» - « - 2 and visual acuity is proportional 
to X. 



--3 -2. O / Z S • 4 - 

Ly Petinal Illum/ncrtion^Flfcfons 

Fig. S. The data of both observers with the grating test object, blue h^t, and a 
pupa of 2 mm. diameter. The unfilled circles are for A.M.C. from Table 
8. The fdled circles are for E.L.S. from Table II, column ® ^ ® , 

log / value of - 1.5 were made in a subjectively colorlws field and 
flection; those made at higher intensities were made in » fidd. 

drawn thiou^ both sections of the data are of equation (1) where » -.» = 2 and 
visual acuity is proportional to x. 
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where both m and n are 2, and visual acuity is proportional to x^. These data 
were taken under conditions where the pupil size was the limiting factor for 
visual acuity. The data in Fig. 3, where the 2 mm. pupil lowers the maximum 
visual acuity even more because of the red light, are also adequately described 
by the same equation. However, when the pupil diameter is eliminated as a 
limiting factor, as in the data of Fig. 4, this form of the equation is quite in- 
adequate. The best fit to these data was given by the form of this equation 
where both m and n are again 2 but where visual acuity is proportional to x 
instead of to x^. Since n is 2, it means that the latter curve has half the slope of 
the former. 

It is difficult to believe that the difference in pupil size can have such a pro- 
found effect on the entire course of this relationship. It may be that the small 
pupil affects only the upper part of the data where the visual acuity values ap- 
proach the limit set by it. Perhaps the explanation of this apparent effect lies 
along the following lines. The graphs of the various forms of equation (1) may 
be arbitrarily divided for convenience into an initial rising straight line portion, 
and an upper tuming-off to an asymptote. Since the visual acuity range of the 
grating data is quite small, the first characteristic is a relatively poorer criterion 
than the second which then is practically the dominant one in curve fitting. If 
the limiting pupil affects only the higher visual acuity values, the data would 
turn off to an asymptote more sharply, giving a good fit with the steeper curve. 
This is clearly shown in Fig. 6 where the data for A.M.C. with the two different 
pupils in red light are plotted together, those with the 2 mm. pupil being moved 
slightly to the right on the intensity axis to bring the lower parts of the two 
curves into superp>osition. 

Visual acuity is, by definition, a measure of angular separation. Essentially, 
a linear distance is measured. The two test objects used in this investigation 
differ with respect to the resolvable areas involved. In the broken circle the 
area is a function of the square of the separation since both dimensions of the 
gap change simultaneously, while in the grating the area is a linear function of 
the separation since the length remains constant. If area is the important 
variable in detail perception, then the relation of visual acuity (a distance 
measure) to illumination should be twice as steep for the grating as for the 
broken circle. The previous data with white light (Shlaer, 1937) seemed to 
show that this relationship of visual acuity and illumination was the same for 
both test objects. The conclusion was then drawn that detail perception was a 
function of linear distance rather than of area. However, if the foregoing in- 
terpretation of the red light data is correct and it is accepted that the relation of 
visual acuity to illumination is half as steep for the grating as for the broken 
circle, then the previously drawn conclusion must be invalid. 

The curve drawn through the blue cone data in Fig. 5 is the same as the one 
drawn through the red 3 mm. pupil data in Fig. 4. The first three points of the 
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colored field data in Fig. 5 lie above the theoretical cone curve. This may, 
perhaps, mean that here, as with the C, there is a cooperation between rods and 
cones to produce a higher visual function than does either alone, the one log unit 
shift in the rod curve produced by blue light being essential to bring this out. 



Lc^ Retinal JHuminafion '^Photons 

Fig. 6. The data of A.M.C. with the grating test object and red light, showing the 
effect of a limiting pupil upon the relation between visual acuity and illumination. 
The filled circles are from Table II, column 2, where the 2 mm. pupil limits the maxi- 
mum visual acuity attainable. The unfilled circles are from Table II, column 5, 
where the 3 mm. pupil is no longer limiting. The curve drawn in this figure is of 
equation (1) where w = » = 2 and visual acuity is proportional to x. 

IV 

Factors Limiting Maximum Visual Acuit'f 

It can be seen from the data already presented that at intensities above about 
1000 photons the illumination is no longer a controlling factor for visual acuity. 
What then does set the limit to the resolving power of the eye? Hartridge 
(1922) advocated intensity discrimination of the retina as the limiting factor 
in the resolving power of the eye. He argued that because of the chromatic 
aberration of the eye and of the diffraction of the light by the pupil, the image 
of small objects on the retina is very diffuse, and that unless the object is large 
enough to produce at least a 10 per cent reduction in intensity on a retinal 
element, it could not be resolved. This question might perhaps best be dis- 
cussed separately for each of two types of test object: (1) a repetitive pattern 
such as the grating, and (2) a single object such as the C. 

^ The data of this section were presented to the April, 1939, meetings of the Amer- 
ican Physiological Society at Toronto, Canada. Am. Physiol., 1939, 126, 627. 
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1. The Grating . — ^It was previously shown (Shlaer, 1937) that the intensity 
discrimination of the retina in the image of a grating composed of equal opaque 
and clear spaces could not be the limiting factor; that the pupil diameter, if 
small enough, could be; and that the size of the central cones was the probable 
ultimate limiting factor. The grating test object diffracts the light from each 
point of the source into a series of spectra in the same manner that ordinary 
diffraction gratings do, but to a smaller extent because of its coarseness. These 
spectra lie in the plane of the pupil. If the pupil is not large enough to transmit 
the zero order spectrum and one first order spectrum up to a wavelength of 
about 630 m^ in white light, no resolvable image is formed on the retina. It 
follows that when restricted regions of the spectrum are used in making these 
determinations, the long wavelength regions will require larger pupils to achieve 
maximum visual acuities, since the red end of the spectrum lies farther from the 
zero order spectrum. 

TABLE III 


The Effect of Cdor on the Resolving Power of the Eye. Grating Test Object. 
Pupil Diameter 2.35 Mm. Average of Both Observers 


Color 

MnmM 

Red 

670 

- 

Red 

625 

Orange 

605 

Yellow 

575 

White 

Green 

535 

Blue 

490 

Violet 

450 

Visual acuity 

1.80 

1.91 

1.99 

2.08 

2.10 

2.14 

2.11 

2.07 

Visual acuity 

Pupil 

diameter 

3 mm. 

2.09 

Pupil diameter necessary to raise the red (670 m^u) value 
to maximum is 2.8 mm. Such a pupil transmits the first 
order spectrum up to a X of 750 mu at maximum visual acuity. 


This corollary was verified in the following manner. With a fixed pupil of 
2.35 mm. diameter, just large enough to achieve maximal values in white light, 
the maximum visual acuity for each observer was determined in light filtered 
through each of the seven “monochromat” filters of Eastman Kodak Company 
in turn.* The illumination in every case was so high that it was no longer a 
factor. The data are presented in Table III, each value of visual acuity being 
the average of all determinations of both observers. Each determination is the 
average of eight readings, two in each of the four different meridians used with 
the grating, and was made at least twice and on different days for each ob- 
server. It can be seen at a glance that the expected reduction in visual acuity 
at the red end of the spectrum is realized. Maximum values are not achieved in 
light of longer wavelength than the yellow (X = 575 nvtt). 

The maximum visual acuity in the extreme red (X = 670 mft) is only 1.8, a 
loss of about 15 per cent from the average maximum of 2.1 when the pupil is not 
limiting. Since maximum visual acuity is directly proportional to pupil 

* The authors are indebted to Dr. Joseph Mandelbaum, who assisted in recording 
some of these measurements. 
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diameter when it is limiting, it follows that an increase in the pupil of 15 per 
cent would eliminate it as the limiting factor. Such a pupil is 2.8 mm. in 
diameter. Using a pupil of 3 mm. diameter, we found the maximum visual 
acuity to be 2.09, which is experimentally the same as the expected 2.1. 

With white light (tungsten of color temperature about 2700° K) a pupil of 
2.3 mm. gave maximal visual acuities. Under these conditions the pupil 
transmits the first order spectrum to about 630 m/z. One may consider that 
when the excluded portion of the spectrum fails to interfere optically with 
certain transmitted radiation, an equivalent brightness is spread over the dark 
lines in the retinal image and thus lowers the contrast. However, the de- 
terioration of the image on the retina by the exclusion of all wavelengths longer 
than 630 m/u is just not enough to lower the resolving power of the eye as set by 
the size of the retinal mosaic and the intensity discrimination ability of the 
cones. When the red filter, which absorbs all light shorter than 640 m/x, is used, 
a pupil of 2.35 mm. gives a maximum visual acuity of 1.8 and under these con- 
ditions the first order spectrum up to a wavelength of about 750 m/x is trans- 
mitted. The same amount of the spectrum is transmitted when the pupil is 
2.8 mm. and visual acuity is maximal at 2.1. It therefore seems that for the 
normal eye in tungsten light filtered through the Eastman Wratten filter No. 
70, the long wave limit of useful light is at 750 m/x. 

2. The C — ^The fact that the relationship between visual acuity and il- 
lumination when the C is the test object is identical with the relationship be- 
tween intensity discrimination and illumination is suggestive that perhaps 
Hartridge’s notion is valid for single objects. However, the difficulty of com- 
puting the precise distribution of light in the image of the C prevents a quanti- 
tative evaluation of this idea. 

This led Hecht and Mintz (1939) to investigate this relationship with a single 
line as a test object. They found that the intensity difference in the retinal 
image of their test object, as computed from the diffraction of a 3 mm. pupil, 
was directly proportional to the size of the line (and therefore to the visual 
acuity) for the entire cone range; and that the minimum difference that a single 
row of cones can detect was of the order of 1 per cent, which is very nearly the 
best intensity discrimination of which the retina is capable. They concluded 
that for their test object the intensity discrimination capabilities of the retina at 
all intensities determine the visual acuity, and suggested that perhaps the same 
might be true for all single objects such as the hook and broken circle. 

It follows that when the visual acuity of the eye is controlled by the intensity 
discrimination of the retina, any increase in the intensity difference in the ret- 
inal image will result in a rise in visual acuity. Such increases in the contrast 
can be produced by two means: (1) homogeneous light which eliminates 
chromatic fringes in the image, and (2) an increase in the pupil diameter which 
decreases the diameter of the diffraction circle. Preliminary rough measure- 
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ments showed this to be true. A 4 /i wire at 1 meter cannot be seen in white 
light with a 2 mm. pupil, but can be seen in monochromatic light with a 2.3 
mm. pupil. 

The effect of improving the retinal image of the C by the above means was 
then determined. The data are presented in Table IV. Each value of visual 
acuity is the average of four successive readings and all values in each hori- 
zontal row were taken at one continuous sitting. It is apparent that no 
improvement in visual acuity results from either monochromatic light or a 3 
mm. pupil or both. Therefore, the intensity discrimination of the retina is 
probably not the limiting factor for the C at maximal intensities. 

A better indication that at the higher intensities the situation with the C is 
not similar to that with the wire is given by the following experiment. A 
half-silvered mirror was mounted behind the field lens (F.L. in the apparatus 

TABLE IV 


The EJjfect of Pupil Diameter and Color on the Resolving 
Power of the Eye. C Test Object 


X (him) 

670- 

Red 

575— Yellow 

White 

49(>-Bluc 

Pupil diameter, mm. 

2 


2 

3 

2 

3 

2 

3 

Visual acuity 

2.56 




2.54 


2.56 


(E. L. S.) 

2.56 

2.51 



2.55 

2.56 

2.52 

2.48 

Visual acuity 

2.78 


2.76 


2.78 


2.79 


(A. M. C.) 

2,76 

2.73 



2.78 

2.79 




diagram, Fig. 1, Shlaer, 1937), as viewed by the observer, and at 45° to the 
optic axis of the instrument. An auxiliary lamp, lens, and neutral wedge were 
then mounted at right angles to the optic axis of the instrument so that an image 
of the auxiliary source was formed at the pupil of the instrument by means of 
the auxiliary and field lenses. The illumination of the center field as viewed 
by the observer through the pupil consisted of two superimposed parts, one 
from each of the two sources. By diaphragming opposite halves of each of 
these two beams at the mirror it became possible to adjust the brightness of 
them to equality in a photometric match by means of the wedge. The bright- 
ness of the central field when these half field diaphragms were removed consisted 
of two equal parts, one from the regular instrument and the other from the 
auxiliary equipment. 

When a test object is inserted in the regular manner and viewed through the 
pupil, it becomes equivalent to having a test object whose brightness, instead 
of being zero, is exactly one-half the total field brightness. In other words, it 
is like a test chart in which the letters are printed in light grey ink having a 
reflection factor of one-half that of the white card background. In the retinal 
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image this is equivalent to reducing the intensity discrimination fraction by 
somewhat more than half. Suppose that the situation on the retina when only 
the main instrument light is on is as follows: the intensity on a cone in the 
general field is 50, the intensity on a cone in the image of the circle is 40, and 
the intensity on a cone in the image of the break in the circle is 45. The dis- 
crimination ratio between the break and the rest of the circle is 5 parts in 40. 
When the auxiliary lamp is turned on, the intensity of the field becomes 100; 
that of the circle, 90; and that of the break, 95. The ratio now is 5 parts in 90 
which is less than half the previous fraction. The smaller the discrimination 
fraction, the nearer the second ratio is to half the first. 

If maximal visual acuity at the highest intensities is determined by intensity 
discrimination for the C as it is for the single line, then the maximum visual 


TABLE V 

The Efect of Diluting the Contrast of the Test Object on the 
Resolving Power of the Eye. C Test Object 


Color 

Test object 
brightness 
as per cent 
of field 

Pupil 

diameter 


E. L. S. 


A . M . C . 

Visual 

acuity 

Loss in 
visual 
acuity 

Visual 

acuity 

Lfiss in 

visual 

acuity 

Visual 

acuity 

Loss in 
visual 
acuity 



mm. 


per cent 


per cent 


per cent 

White 

0 

2 

2.59 

0.0 

2.62 

0.0 

2.59 

0.0 

White 

50 

2 

2.39 

7.7 

2.31 

11.8 

2.24 

9.7 

White 

50 

3 



2.31 

11.8 



Blue 

50 

2 

2.39 

7.7 

2.31 

11.8 



Yellow 

50 

2 

2.47 

4.6 

2.33 

11.1 



Yellow ... 

50 

3 

2.46 

5.0 

2.46 

6.1 




acuity should fall to half when this half-field-brightness test object is used. An 
examination of the data in the first two lines of Table V will show that such is 
not the case, a maximum drop of only 12 per cent having occurred. Each 
datum of Table V is the average of four successive determinations, and the data 
in each colunm were taken during a single continuous sitting. 

When a drop in maximal visual acuity occurs as a result of the diluted test 
object, visual acuity must be limited by the intensity discrimination of the 
retina. The visual acuity should then be improved by the same two means, 
namely, homogeneous light and a larger pupil, that improve the resolution of 
the eye for a wire. The lower portion of Table V records the effect of these 
two variables. These measurements were made with only E.L.S. as observer 
on 2 different days. It is apparent that the larger pupil alone is without effect, 
that monochromatic blue light alone is also without effect, but that the com- 
bination of monochromatic yellow light and large pupil has a large effect, raising 
the visual acuity almost half way to normal. The measurements with yellow 
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light and the small pupil are inconsistent for the two runs, the eflFect being large 
in the first and small in the second. These measurements are not extensive 
enough to permit the determination of any precise relationship, but they are 
adequate to show that maximal visual acuity with the C test object can be 
improved by means of homogeneous light and a larger pupil when the intensity 
discrimination of the retina is the limiting factor. 

It must be emphasized that the experiments in this section are concerned only 
with maximal visual acuity where the illumination is so high that it is no longer 
a factor. It is certain that under these conditions something other than the 
intensity discrimination of the retina is the limiting factor. This factor may 
very well be the diameter of the foveal cones since the geometric size of the 
break in the C is only a little smaller than that. What may be the controlling 
factor or factors at submaximal values of visual acuity is still uncertain. 

V 

SUMMARY 

The relation between visual acuity and illumination was measured in red and 
blue light, using a broken circle or C and a grating as test objects. 

The red light data fall on single continuous curves representing pure cone 
vision. The blue Ught data fall on two distinct curves with a transition at 
about 0.03 photons. Values below this intensity represent pure rod vision. 
Those immediately above represent the cooperative activity of rods and cones, 
and yield higher visual acuities than either. Pure cone vision in this intensity 
region is given by central fixation (C test object). All the rest of the values 
above this transition region represent pure cone vision. In blue light the rod 
data with the C lie about 1.5 log units lower on the intensity axis (cone scale) 
than they do in white light, while with the grating they lie about 1.0 log unit 
lower than in white light. 

Both the pure rod and cone data with the C test object are precisely described 
by one form of the stationary state equation. With the grating test object 
and a non-limiting pupil, the pure rod and cone data are described by another 
form of the same equation in which the curve is half as steep. The introduction 
of a small pupil, which limits maximum visual acuity, makes the relation be- 
tween visual acuity and illumination appear steeper. 

Determinations of maximum visual acuities under a variety of conditions 
show that for the grating the pupil has to be larger, the longer the wavelength 
of the light, in order for the pupil not to be the limiting factor. 

Similar measurements with the C show that when intensity discrimination 
at the retina is experimentally made the limiting factor in resolution, visual 
acuity is improved by conditions designed to increase image contrast. How- 
ever, intensity discrimination cannot be the limiting factor for the ordinary 
test object resolution because the conditions designed to improve image 
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contrast do not improve maximum visual acuity, while those which reduce 
* image contrast do not produce proportional reductions of visual acuity. 
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SOME PROPERTIES OF CRYSTALLINE GUINEA PIG 
HEMOGLOBIN 

By SAM GRANICK 

{From the Laboratories of The Rockefeller Institute for Medical Research) 
(Received for publication, November 11, 1941) 

Several lines of evidence lead to the conception of wet protein crystals as 
made up of protein molecules with interstices between them that are large and 
filled with loosely held solvent molecules. Some of the evidence leading to 
this conclusion may be briefly summarized: (a) the high water content of 
protein crystals, early noted by Sorensen (1), who estimated that over 20 
per cent by weight of egg albumen crystals is water; (6) the ease of water loss 
under slightly diminished aqueous tension as observed by Katz (2); (c) the 
change in density when suspended in solutions of different osmotic pressures 
as studied by Adair and Adair (3); (d) the staining of protein crystals with 
dyes; {e) x-ray data on wet pepsin crystals, from which Bernal and Crowfoot 
(4) infer that the protein molecules are relatively dense globular bodies sep- 
arated by relatively large spaces which contain water. 

We wish to present further evidence in support of this idea, and also to de- 
scribe several other properties of crystalline guinea pig hemoglobin. 

1 

Action of KzFe{CN)t on Crystalline Oxyhemoglobin . — When a suspension of 
crystals of guinea pig oxyhemoglobin is treated under the microscope with 
K 3 Fe(CN )6 solution, the red crystals are observed to become yellow-brown 
while the crystal shape remains intact. (Other oxidizing agents of high poten- 
tial such as quinone or KMn 04 also bring about this change in color.) With 
the Abbe microspectroscope the yellow-brown color of the crystals was identi- 
fied as Mth.i This experiment suggested that ferricyanide was penetrating 
into the crystal to react with the iron in Hb 02 . 

In order to determine whether all of the Hb02 in the crystals could be con- 
verted into Mth, a quantitative study with Warburg manometers was made 
of the Oa released when HbOa is acted upon by ferricyanide. Freshly prepared 

^Abbreviations used. 

Hb =■ ferrous hemoglobin 

HbOa =» ferrous oxyhemoglobin 

Mth » ferri hemoglobin or methemoglobin 
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washed crystals of guinea pig Hb02 were suspended in m/30 phosphate buffer 
pH 7.0 and carefully pipetted into Warburg vessels that had two side arms con- 
taining the ferricyanide. The ferricyanide was added in two successive por- 
tions. The first portion, 0.05 cc., was sufficient to theoretically react with only 

TABLE I 

Recovery of 0% Released by Ferricyanide ft om Crystals of HhOz 
Each vessel contained 2.0 cc. of Hb02 crystals* suspended in m/30 Sjrfrensen's PO 4 buffer, 
pH 7.0 at 29.8*C. (1). The dry weight of HbOs per cc. of suspension is 0.0493 gm. =0 66 
c. mm. O 2 when quantitatively converted into methemoglobin with ferricyanide. If recovery 
of O 2 is 100 per cent then 0.100 cc. of 0.05 m K8Fe(CN)6 should release 112 c. mm. O 2 from 

HbOs. 


Vessel No. 

0.05 1 C K«Fe(CN)f added 

Oi produced 

Recovery of 0* 


cc. 

c.mm. 

per cent 

1 

0.05 

54.6 

97.3 


0.10 0.15 

72.6 127.2 

96.3 

lA 

0.05 

51.8 

92.5 


0.05 0.10 

53.0 104.8 

94.0 

3A 

0.30 

133 

100 

5A 

0.05 

54.6 

97.5 


0.20 0.25 

82.6 137.2 

105 

7 

0.05 

53.0 

94.6 


0.20 0.25 

81.4 134.4 

102 

8 

0.05 

57.4 

102.5 


0.20 0.25 

78.0 135.4 

102 

lA' 

0.20 

135.0 

102 


+ Veronal sodiumt 

135.0 

102 


* The uniformity of pipetting the crystal suspension into Warburg vessels gives rise to a 
maximum error of 2 per cent, as shown by the dry weight of three samples of Hb 02 suspen- 
sion pipetted under the same conditions: 0.1190 gm.; 0.1220 gm.; 0.1181 gm. 

1 0.20 cc. of a saturated sodium veronal solution was added from the side arm to make the 
solution sufficiently alkaline to dissolve the crystals. It is seen that no additional oxygen is 
recovered when the hemoglobin is in solution. 

42 per cent of the total oxyhemoglobin. It is seen from Table I that this 
reaction was quantitative and corresponded stoichiometrically to the amount 
of ferricyanide added. From Table II it is seen that 85 per cent of the result- 
ing Mth was in the crystalline state at the end of the experiment. Therefore 
the ferricyanide molecules must have penetrated the crystals and reacted with 
all the prosthetic groups of oxyhemoglobin. Considering the size and shape 
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of our crystals, this would mean that some molecules of ferricyanide in order to 
get to the center of the crystals would have had to penetrate a distance equiva- 
lent to the diameter of 1,500 hemoglobin molecules. The conclusion is obvious 
that there must be interstices in the crystals large enough to permit the move- 
ment of ferricyanide into them. 

The speed of free diffusion of ferricyanide as calculated from the Stokes- 
Einstein equation under the conditions of our exjjeriment is approximately 
4 X 10-* cm. per second. It was calculated that if the crystal offered no ap- 
preciable resistance to diffusion of ferricyanide, the whole journey through 
liquid and crystal would take the maximum time of 2 to 3 seconds. The 
maximum time experimentally determined in the manometer for complete 

TABLE U 

Solubility of the Crystals Used, at 29.8°C. 

To each of two centrifuge tubes with conical ends, add 2.5 cc. Hb02 crystal suspension in 
m/30 PO 4 buflfer pH 7.0. To tube 1 add 0.2 cc. H 2 O; to tube 2 add 0.2 cc. of 0.05 m KgFe- 
(CN)«. These are kept at 29.8® for 2 hours. They are then centrifuged sharply, the super- 
natant liquid decanted, and adhering liquid wiped away. Tube 1 now contains crystals of 
Hb02 &nd tube 2 contains crystals of Mth. The crystals were weighed wet, and then dried 
at 110®C. to constant weight. 


Tube No. 

Dry weight of Hb 
in 2.5 cc. 

Weight of crystals after decanting 

Final amount of Hb 
suspension in crystal* 

Wet 

Dry 

line state' 

1 

0.1227 g. 

0.2874 

0.1097 

per cetU 

89 

2 

0.1227 

0.2790 

0.1053 

85 


release of O 2 was 2 to 3 minutes. Undoubtedly a considerable portion of this 
time is due to the slowness of equilibration between gas and liquid phase in 
the manometer vessels. If the ferricyanide ions are to diffuse somewhat readily 
into the crystals of oxyhemoglobin the interstices must be at least 1.5 to 2.0 
times the diameter of the ion, or from 6 to 10 A. 

Let us assume that the hemoglobin molecules are spheres and that they are 
arranged in closest hexagonal packing. It may be readily calculated that the 
volume of space between the spherical molecules occupies about 25 per cent of 
the total volume of the cube, or if filled with water this would mean that 25 
per cent by volume or 20 per cent by weight of the wet crystal is water. These 
are, of course, minimum figures based on the assumption of closest packing 
and spherical molecules. The distance between the spheres would be just 
sufficient to permit ferricyanide movement into the spaces. It may be pre- 
dicted that optically isotropic protein crystals will be found to contain at least 
this amount of loosely held water between the molecules. 
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Preparations Used 

The tetrahedral crystals of Hb02 were prepared from guinea pigs, bled by heart 
puncture into warm sodium citrate solution. The blood was washed twice with 
warm isotonic saline by centrifugation. To lake the cells three volumes of water were 
added to one of packed cells. Crystals started to form at once. The laked blood 
was kept at 37®C. for 2 hours in a 2-inch thick layer in a beaker and then centrifuged 
slowly for a short time. In this way only the large crystals are deposited, the super- 
natant solution being discarded. The crystals are suspended in water and centri- 
fuged slowly, the process being repeated two more times. The crystals thus prepared 
were kept under a thin layer of water at 1°C. overnight. The next morning 10 cc. 
of the packed crystals were added to 45 cc. of Sorensen buffer (m/15 in phosphate) 
pH 7.0 and the suspension finally made up to 90 cc. with water. These guinea pig 
Hb02 crystals were found to be practically free of catalase activity. 

Mth was prepared from Hb02 crystals by treatment with a slight excess of ferri- 
cyanide and subsequently washing the crystals three times by means of centrifuging, 
and then dialyzing them against water for 24 hours. A solution of Mth was then 
prepared by making the cold suspension slightly acid with dilute acetate buffer and 
bringing the solution to neutrality with m/15 disodium phosphate. 

11 

Location of the Prosthetic Groups. — A corollary of the quantitative oxidation 
of the hemes by ferricyanide appears to be that the heme groups are on the 
surface of the globin molecules, otherwise one would have to assume penetra- 
tion of ferricyanide into the molecules. The latter is made unlikely because 
of the closeness with which the peptide chains are packed within the molecule. 
Mirsky (5) has offered this juxtaposition of peptide chains as an explanation 
for the non-detection of — SH groups in some native proteins by means of 
ferricyanide. The data presented in Table I show that the hemes react quan- 
titatively with the ferricyanide added. If some ferricyanide had oxidized 
— SH groups before it oxidized the heme groups then a lower O2 production 
per ferricyanide molecule would have been expected. For example, assuming 
only one free — SH group reacting per hemoglobin molecule, one would expect 
to recover only 75 per cent of the O2. 

In addition to being localized on the surface of the globin, the four hemes per 
globin must be facing the spaces between the molecules, or in other words, the 
hemes are not the points of closest contact between the molecules. 

m 

Further Evidence of Permeability of HbOi Crystals. — Hydrosulfite (Na2S204) 
may also be shown to penetrate the crystal of Hb02 removing the oxygen and 
producing Hb. This becomes evident by diminishing the solubility of Hb 
with ammonium or sodium sulfate. When Hb02 crystals were suspended in 
50 per cent saturated ammonium sulfate and hydrosulfite added, the crystals 
could be seen to turn violet under the microscope and the Hb band became 
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visible at the same time that the Hb 02 bands vanished in the micro spectro- 
scope. These violet crystals go into solution within a few minutes. If the 
concentration of ammonium sulfate is increased to near saturation many of 
the purple crystals do not dissolve. 

The staining of protein crystals with dyes may also represent penetration of 
the dye molecules into the crystal spaces. Several dyes in aqueous solution 
were added to Hb02 crystals and examined microscopically. Due to the in- 
tense color of the crystals it is difficult to judge their penetration. Crystal 
violet, however, stained the crystals intensely but not methyl green. Catalase 
prisms and plates were better objects because of their negligible color (6). 
Methylene blue and toluidine blue stained them faintly, crystal violet very 
strongly, and methyl green very faintly. If the dye concentration, is properly 
chosen the crystals will become deeply colored and the solution colorless. The 
staining is not merely a surface adsorption since thicker crystals take up a very 
much deeper stain than thinner ones. 

IV 

The Relative Solubilities of Hhy HhO^y and Mth. — Hb02, as isolated from 
guinea pig blood is rather insoluble at room temperature. A suspension kept 
in m/30 PO 4 buffer, pH 7.0, for 1 day at 1®C. and then for 3 hours at 30® was 
89 per cent in the crystalline state. Mth is slightly more soluble, 85 per cent 
remaining in the crystalline state under these conditions. Hb, however, is 
very soluble at this pH. 

When crystals of Hb02 are watched under the microscope, as hydrosulfite 
diffuses to them, they are seen to melt away rapidly while still retaining their 
tetrahedral shape. At the same time the Hb band becomes visible. A thick 
suspension of Hb02 crystals is a muddy red-brown. When treated with hydro- 
sulfite it becomes a clear deep purple; on shaking with air it gradually becomes 
red, then cloudy, and begins to deposit crystals all within 1 to 2 minutes. Here 
is an example, then, of an aggregation and dissolution brought about by the 
mere addition or removal of oxygen. 


V 

The 02-Hb02 Equilibrium in Crystalline The removal of O 2 from a 

solution of Hb02 may be readily accomplished by lowering the pressure of O 2 . 
Under our conditions of evacuation from a Thunberg tube with an oil pump, 
it required less than 2 minutes to completely convert the dilute Hb 02 solution 
to Hb. However, if a suspension of Hb02 crystals is treated in the same 
maimer as the Hb 02 solution, then no appreciable O 2 can be removed even 
after 15 minutes of constant pumping, although the pressure was 15 mm. to 
5 mm. of mercury (decreasing as the temperature of the suspension decreased 
due to evaporation). 

The following experiments show that the oxygen of Hb02 crystals can be 



576 


PROPERTIES OF CRYSTALLINE GUINEA PIG HEMOGLOBIN 


removed only by considerably decreasing the oxygen tension: (a) Bubbling 
either Hq or N 2 gases (free from O 2 ) through a suspension of Hb02 crystals 
at 30® for 20 to 30 minutes completely converted them to Hb solution. (5) 
Removal of O 2 by hydrosulfite: Hb02 crystals in m/1S PO 4 buffer pH 7 were 
placed in a Thunberg tube and evacuated. A minute amount of hydrosulfite 
was then added from a side arm. Within 1 to 2 minutes the suspension became 
a solution of Hb. The pH after the experiment was 6.9. (c) Removal of 
Og by activated hydrogen: A suspension of HbOg crystals in the presence of 
traces of methylene blue or catalase was treated with Hg + colloidal Pd. 
Within 1 to 2 minutes this suspension had been completely converted to a 
solution of Hb. (d) Replacement of O 2 by CO: A suspension of HbOg crystals 
was treated with pure CO gas for 5 minutes. The CO replaced the O 2 in the 
crystals without changing their shape, since on the addition of a small amount 
of hydrosulfite no Hb results and the crystals remained intact. On the addition 
of a large excess of hydrosulfite, the crystals began to dissolve very slowly and 
unevenly, this being due to a decrease in pH. 

The firmer binding of O 2 in Hb02 crystals, as contrasted to Hb02 in solution, 
may indicate that the coordination of the molecule in the crystal has diminished 
the competition of other groups than O 2 for the iron. The Hb02 crystals can 
be readily dissolved, away from the isoelectric point, and in the dissolved state 
the Hb 02 molecules readily give up their oxygen on diminishing the O 2 tension. 
The firm binding of O 2 in Hb02 crystals would obviously prevent hemoglobin 
in the crystalline state from functioning as a readily reversible oxygen carrier. 

VI 

Aciion of HfDg on HbOg . — ^The crystals of Hb02 of the guinea pig, crystallized 
once, are practically free from catalase. On addition of a few drops of 0.5 
per cent H 2 O 2 to a suspension of Hb 02 crystals, the two prominent bands at 
578 and 540 become faint, the 578 band appears to broaden, spread out to 
590, and is relatively stronger than the 540 band, while the original crystalline 
shape remains unchanged. This compound has the same absorption bands as 
that of H202-methemoglobin solution first described by Keilin and Hartree (7). 

vn 

Action of Activated Hydrogen on Mth . — Methemoglobin either in solution or 
in crystalline suspension at pH 7.0 in PO 4 buffer is very slowly reduced by ac- 
tivated hydrogen. Mth plus a trace of catalase and caprylic alcohol was 
bubbled with hydrogen for 3 minutes and then 2 drops of colloidal Fd added. 
The bubbling was continued for 15 minutes during which time only traces may 
have been reduced as observed spectroscopically in comparison with the control. 

This slow interaction may be partially explained by the fact that we are 
dealing with two colloids. K a trace of methylene blue or rosindulin GG is 
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added to the Pd-H^ solution containing Mth plus a trace of catalase, then 
reduction to ferrohemoglobin is complete in 1 minute in the case of the solution, 
and reduction and solution of Mth crystals is complete in 2 to 3 minutes. The 
methylene blue molecules being small and reversibly oxidized act as inter- 
mediator between the two colloids. 

This is in agreement with the fact that also the electron exchange between 
hemoglobin and the bright Pt electrode is so sluggish that potentials are only 
poorly established. 


vm 

The Action of Activated Hydrogen on £^ 602 .— One of the intermediates pro- 
duced in the reduction of O2 either as such or in the form of Hb02, by activated 
Pd-H2 is H2O2. This may be shown by the following experiment. Hb02 
either in solution or as crystal suspension in PO4 buffer pH 7 , was treated with 
Pd-H2. Within 45 seconds a band at 630 m/i had arisen and also the H2O2- 
Mth bands had appeared. The 630 band was identified as Mth by forming 
the Mth-NaF compound. If a trace of catalase is added to the Hb02 solution, 
then Pd-H2 added, the Hb is formed within 1 minute and in the case of the 
crystalline Hb02, removal of O2 and solution of crystals occurred in 1 to 3 
minutes. No Mth band was observed. 

Instead of using catalase to destroy the H2O2, a trace of methylene blue was 
used with identical results. Within 3 seconds after PdH2 was added, the dye 
was decolorized and within 20 to 40 seconds the Hb02 bands had vanished. 
Methylene blue may act here in three ways. Its reduced form may be oxidized 
by H2O2 thus destroying some peroxide; it may act on any Mth that might have 
arisen from the action of peroxide on Hb; and it may react with the minute 
amount of O2 in solution. 


SUMMARY 

1. Guinea pig hemoglobin crystals are shown to be readily permeable to 
ferricyanide and hydrosulfite, indicating the presence of interstices between 
the protein molecules of the crystal. 

2 . The assumptions of closest hexagonal packing and of spherical molecules 
of Hb02 lead to a crystal lattice having interstices between the molecules which 
represent 25 per cent by volume of the crystal. These spaces would be just 
large enough at their narrowest junctures to permit ferricyanide ions to diffuse 
through them. If these spaces were filled with water, then 20 per cent by 
weight of the crystals would be water. 

3 . The hemes are on the surface of the globin and are arranged facing the 
interstices between the molecules of the lattice. 

4 . The binding of O2 in Hb02 is stronger in the crystal lattice than in solu- 
tion. 
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5. Hydrogen, activated with colloidal palladium, will not reduce ferrihemo- 
globin except in the presence of a redox dye. 

6. In the reduction of O 2 by activated hydrogen, H20a can be demonstrated 
by the formation of the HjOj-ferrihemoglobin spectrum. 
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I 

Chlorophyll in plant cells is regularly accompanied by other pigments. For 
many years there has been speculation as to whether the light absorbed by 
these so called accessory pigments is utilized for photosynthesis. Engelmann’s 
skillful experiments (1883) on algae of various colors, with motile bacteria as 
an indicator of photosynthetic activity, have been the basis of a general belief 
that the light absorbed by certain accessory pigments (particularly fucoxan- 
thin, phycoerythrin, and phycocyanin) is available for photosynthesis. This 
belief, although criticized by some who obtained conflicting evidence, has been 
strengthened by photosynthesis measurements with technique allegedly supe- 
rior to that of Engelmann (cf. Harder, 1923). But a critical examination of 
both early and later work on this subject shows that the evidence is inconclu- 
sive, chiefly because the relative amounts of light absorbed in different wave 
lengths were not established. Comparison of the photosynthetic activity in 
different wave lengths can be decisive in establishing the part played by acces- 
sory pigments only if the absorbed energy in each wave length is known. Re- 
cent attention to the problem of the quantum yield of photosynthesis has 
resulted in development of techniques well suited to investigation of the activity 
of accessory pigments. Dutton and Manning (1941) have compared light 
absorption and photosynthetic activity in the diatom Nitzschia closterium in 
different parts of the spectrum, and found good evidence that the energy ab- 
sorbed by the carotenoids, especially fucoxanthin, is used in photosynthesis. 
Recent measurements of the quantum yield of photosynthesis for various 
species of algae (Emerson and Lewis, 1941, p. 803) gave strong indication that 
the phycocyanin of the blue-green alga Chroococcus is active in photosynthesis. 
These measurements were all made in sodium light, X = 589 m/i. In the green 
algae, practically all the absorbed energy of this wave length is absorbed by 
chlorophyll, but in the case of Chroococcus the phycocyanin is responsible for a 
large part of the total energy absorbed. Since the quantum yield for ChroO’- 
coccus photosynthesis was in good agreement with the yields for green algae 
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it seemed probable that the energy absorbed by phycocyanin must be avail- 
able for photosynthesis. In the present communication we report more con- 
clusive evidence that this is the case. The energy absorbed by phycocyanin 
is used for photosynthesis with an eflSciency closely approximating that of 
chlorophyll. Our results give slight indications of photochemical activity on 
the part of the carotenoids as well, but it appears that any photosynthetic 
yield from light absorbed by these pigments must be relatively low. 

n 

Material and Experimental Methods 

The alga,, a small species of Chroococcus, was obtained in pure culture from C. B. 
van Niel of Stanford University. The cells are about 2.5 to 3 /u in diameter (some- 
what smaller than ChloreUa), They are encased in a gelatinous sheath about half 
as thick as their own diameter. In spite of the sheath, cultures grow without serious 
dumping, and an inoculum of 5 c.mm. cells in 200 ml. of culture medium produces 
a growth of about 150 c.mm. cells in from 5 to 7 days, at a temperature of 30^C. 
The cultures are grown in continuous light from four dosely spaced 60 watt in- 
candescent lamps at a distance of 20 cm. from the bottoms of the culture flasks. 

The composition of the culture medium is as follows: 
per liter glass-distilled water, 


MgS04 7Ha0 0.25 gm. 

KHaPOi 1.00 “ 

KNOs : 1.00 ‘‘ 

NaaCOs (anhydrous) 1.50 “ 

Ca(NOa)a 0.025 “ 

NH4CI 0.050 “ 

Fea(S04)8 0.004 “ 


Manganese, boron, zinc, copper, and molybdenum were added from a solution of 
their salts, to give concentrations of 2, 1, 0.05, 0.01, and 0.01 parts per million re- 
spectively. 

The cultures fail to grow if sodium or caldum is omitted from the medium. The 
addition of large amounts of potassium seems to be unnecessary. Successive cul- 
tures have been grown in the above medium with sodium salts substituted for both 
the potassium salts, and with amounts of potassium running from 1 to 10 parts per 
million. Growth is poor if potassium is omitted altogether, but as little as 1 p.p.m. 
is suffident to support culture growth as well as does the control medium prepared 
with potassium salts. 

The dry weight of 100 c.mm. of Chroococcus cells is about 10.5 mg., as compared 
to a corresponding value of about 20 for ChloreUa pyrenoidosa. The lower dry weight 
of Chroococcus is probably due to the gelatinous sheath surrounding the celb, which 
prevents them from packing as dosely as ChloreUa cells, so that a cubic millimeter 
of cells represents a smaller amount of cell material in the case of Chroococcus. Cell 
counts showed about 4 X 10^ Chroococcus cells per c.mm. of centrifuged volume, as 
compared to about 2.3 X 10^ for ChloreUa. 

For measurements of photosynthesis, the cells were centrifuged out of their culture 
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medium and resuspended in freshly mixed carbonate buffer (85 parts iff/lO bicar- 
to parte m/ 10 carbonate). In preparing this mixture for experiments 
with Chroococcus, it was necessary to use sodium, or part sodium and part potassium 
salts. If the mixture was made from potassium carbonate and bicarbonate, as is 
the usual practice for ChloreUa, the Chroococcus showed a rapid decline in both photo- 
synth^is and respiration. We made a practice of mixing sodium bicarbonate and 
potassium carbonate for the measurements with Chroococcus, In this mixture the 
cells maintained fairly steady rates of respiration and photosynthesis for 2 to 3 
hours. The proportions of the two constituents are less critical than for ChloreUa. 
Chroococcus photosynthesis at light saturation seems to be relatively independent 
of carbon dioxide concentration, even down to quite alkaline carbonate mixtures. 
Efforts to measure photosynthesis in acid phosphate media were unsuccessful, ap- 
parently because the photosynthesis of Chroococcus was inhibited by the low pH. 
The inhibition was reversible on returning the cells to carbonate mixture. 

Rates of photosynthesis were based on manometric measurements of rate of 
pressure change during the second 5 minutes of alternate 10 minute periods of light 
and darkness. The buffering capacity of the carbonate mixture maintains a constant 
partial pressure of carbon dioxide, so the rates represent oxygen exchange alone. 
Most of the measurements were made at 20®C. The manometer and the general 
technique of making the measurements have already been described (Emerson and 
Lewis, 1939). Measurements were made with both thick and thin cell suspensions. 
The thick suspensions were dense enough to absorb all the incident light, so that a 
measurement of the incident intensity alone sufficed to establish the amount of light 
absorbed. The thin suspensions absorbed only about half of the incident light. 
The amount absorbed was determined immediately after the photosynthesis measure- 
ments, using the same cell suspension, light beam, and monochromator settings. 
For the measurement of light absorption, a sample of the suspension was transferred 
to an absorption cell of the same thickness (1.4 cm.) as the depth of the layer of cell 
suspension used in the manometer vessel for the photosynthesis measurements. 
(The effect of local irregularities in the depth of the cell suspension due to the rotary 
shaking of the manometer vessel was neglected.) The side walls of the absorption 
cell were of brass, nickel-plated on the inside to reflect scattered light. The intensity 
transmitted was measured by a photronic cell the active surface of which was larger 
than the back window of the absorption cell. The distance between active surface 
and absorption cell window was less than a millimeter. Thus even light which had 
been scattered through a considerable angle was registered by the photronic cell 
at nearly its full value. The incident intensity was measured, as usual, as that 
transmitted by a similar absorption cell filled with water instead of cell suspension. 

Measurements of photosynthesis and light absorption were made in various 
wave length bands isolated from the light of a 1000 watt tungsten filament lamp 
by means of a large-aperture grating monochromator.^ For measurements of photo- 
S3mthesis in the red region of the spectrum, bands were used whose half-width, in- 

^ The monochromator was constructed with the aid of a grant from the National 
Research Council, and with valuable help and advice from members of the staff 
of the Mount Wilson Observatory. Details concerning the construction and light 
output of the monochromator are being prepared for publication elsewhere. 
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eluding nearly 75 per cent of the total energy, was from 6 to 10 m/x. In the blue, 
because of the lower output of the lamp, wider slits were used, giving band half-widths 
of IS to 20 mfi. Spectral impurity due to scattered light from the various optical 
surfaces, principally that of the grating, was reduced by means of glass color filters 
which transmitted only the region of the spectrum close to the line for which the 
monochromator was set. Scattered light outside the band transmitted by the 
monochromator probably never exceeded 5 per cent of the total energy of the beam. 
For the quantum yield measurements, the entire light beam emitted by the mono- 
chromator was allowed to fall on the assimilating cells, or was concentrated on the 
sensitive surface of the bolometer for measurement of the energy received by the 
cell suspension. This was a modification of our former technique (Emerson and 
Lewis, 1939), in which only a small sample of the light beam was used for the energy 
measurements. 

We gratefully acknowledge the cooperation of H. H. Strain in the extraction 
and separation of the various pigments, and in measuring the absorption of the 
extracts. The chlorophyll and carotenoids were extracted from the fresh, unground 
cells with methanol, transferred to ether, and the ether solution diluted with ethanol. 
The separation of pigment components and the determination of absorption spectra 
of the total extract in ethanol and of the chlorophyll and carotenoid fractions were 
carried out according to technique previously described by Strain (1938, pp. 125- 
132). The time allowed for saponification of the chlorophyll was 20-30 minutes. 
The phycocyanin was obtained in water solution by grinding the cells with silicon 
carbide (“crystolon”) in a glass mortar at 0®C., precipitating twice with saturated 
ammonium sulfate, and redissolving the blue pigment by washing through a filter 
with distilled water. 

When the carotenoids of Chroococcus were adsorbed on a sucrose column, the 
xanthophylls appeared to differ markedly from those commonly found in extracts 
of higher plants, and also in extracts of ChloreUa, The carotenes, on the other 
hand, were apparently similar to those ordinarily encountered in leaf extracts. The 
unusual character of the xanthophyll-like pigments of the Cyanophyceae has been 
noted by several investigators (for example Tischer, 1938, and others cited by him). 
Unfortunately, in our work on Chroococcus not enough attention was devoted to the 
carotenoids to enable us to compare them with pigments isolated from related species 
by other investigators. 


ni 

EXPERIMENTAL 

The peculiar usefulness of the quantum yield as evidence concerning the 
part played by accessory pigments is that measurements of both photosynthesis 
and light absorption are involved. In different regions of the spectrum, the 
various plant pigments absorb different proportions of the total absorbed 
radiation. If some components are photochemically inactive in photosynthe- 
sis, then the observed quantum yield for the total radiation absorbed by all 
the components will vary with the wave length. A comparison of the wave 



ROBERT EMERSON AND CHARLTON M. LEWIS 


583 


length dependence of the observed quantum yield with the fractions of total 
absorbed light which are absorbed by the different components may be ex- 
pected to show which pigments are photochemically active in photosynthesis, 
and what are their relative activities. This reasoning implies the assumption 
that the yield for the fraction absorbed by any one pigment is independent 
of wave length over the range under consideration. This assumption will be 
discussed presently. 


Absorption Measurements 


Direct measurement of the fraction of light absorbed by the various pigment 
components in the intact cell is not possible, but we have evidence that a 
fairly close estimate may be made from the absorption curves of the extracted 
pigments. Figs. 1 and 2 show the extent of the discrepancies between the 
absorption characteristics of the extracted pigments and of the intact cells. 


Fig. 1 shows the absorption spectra (plotted as log 



of the three pigment 


components of Chroococcus — chlorophyll, carotenoids, and phycocyanin. The 
solid curve represents the absorption of the total alcohol-soluble pigments, 
consisting of chlorophyll and carotenoids without phycocyanin. After sapon- 
ification and removal of the chlorophyll fraction, the absorption of the 
carotenoids was measured. This is plotted as a broken line. The dotted line, 
calculated from the difference between the absorption of the carotenoids and 
that of the total extract, represents the absorption due to chlorophyll. From 
570 to 700 m/x, where there is no absorption by carotenoids, the curve for 
chlorophyll is identical with the solid line for the total alcohol-soluble pigments. 
The absence of any maximum in the chlorophyll curve at 458 m/x, and the lack 
of apparent asymmetry in the red absorption band show that no appreciable 
amount of chlorophyll b is present. The absorption curve for phycocyanin 
dissolved in distilled water is shown by the curve drawn with alternating dots 
and dashes. The triangles are the observed points for our pigment, and the 
crosses are taken from the curve of Svedberg and Katsurai (1929), adjusted 
to give agreement with our curve at the maximum. The nearness of these 
points to our curve is evidence of the identity of the phycocyanin from Chro- 
ococcus and that which Svedberg and Katsurai isolated and crystallized from 
Aphanizomenon flos aquae (molecular weight about 200,000). The somewhat 
higher absorption of our curve in the blue may be due to the presence of a 
small amount of colloidal matter from the ground cells, which filtration failed 
to remove from the solution. In the photoelectric spectrophotometer used for 
all the curves in Fig. 1, even very slight light scattering would appear as 
absorption. For purposes of the subsequent discussion we have assumed that 
the absorptions measured in this way are correct. If the true values are lower 
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in the blue, this only adds emphasis to the discrepancy between light absorp- 
tion and photosynthetic efficiency to be discussed below. 

In order to compare the absorption by the pigments in the intact cells with 
the combined absorption of the extracted pigments, we have plotted them to- 



Fig. 1. The absorption spectra of the extracted pigments of Chroococcus, The 
solid line is for the total alcohol-soluble pigments, carotenoids, and chlorophyll. 
The broken line is for carotenoids alone, after saponification and removal of the 
chlorophyll. The dotted curve for chlorophyll represents the difference between 
the curve for the total alcohol extract and the one for carotenoids alone. In the 
red region, where there is no carotenoid absorption, the curve for chlorophyll is 
identical with the solid line for the total extract. The curve drawn with alternate 
dots and dashes is for an aqueous solution of phycocyanin. 

gether in Fig. 2 (the two lower curves). The solid curve shows the absorption 
by a suspension of live cells, measured with a photronic cell by the method 
described in Section II. The broken curve shows the calculated combined 
absorption of the extracted pigments. In making this computation, certain 
adjustments have been made which must be kept in mind in order to make a 
fair comparison between the two curves. Each measured absorption curve 
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Fig. 2. Comparison of the sum of the absorption spectra of the extracted pigments, 
with the absorption spectrum for intact Chroococcus cells. The curves are based 
on a cell concentration of 1.26 c.mm. cells per ml. of suspension, in a layer 1.4 cm. 
thick. The solid curve is for the intact cells. The broken curve is for the total 
extracted pigments, obtained by addition of the curves for individual components 
shown in Fig. 1, after making adjustments in the positions of the maxima as ex- 
plained in the text. The dotted curve, displaced upward on the ordinate axis to 
avoid confusion of the other two curves, is for an aqueous extract of ground cells. 
The scale for the dotted curve is on the right. 

shown in Fig. 1 was shifted as a whole toward longer wave lengths an amount 
which appeared to make the individual maxima correspond best with the respec- 
tive msLxmst for the live cells. In the case of chlorophyll, this shift was dif- 
ferent in the red and blue regions, being 10 m/i in the red, and 6 in the blue 






586 


PHOTOSYNTHETIC EFFICIENCY OF EHYCOCYANIN 


(the change being made arbitrarily at 580 mu). The carotenoid curve wm 
shifted 14 m/x, and that for phycocyanin 6 m/x. The chlorophyll and carotenoid 
curves in Fig. 1 are directly comparable with the curve for the live cells in Fig, 
2, because aliquot portions of the same culture were used, and extraction and 
separation were carried out quantitatively. On the assumption that Beer^s 
law applies to our conditions, the measurements made in solution were so 
corrected that they apply to the same light path and concentration of pigment 
per unit volume as prevailed in the cell suspension. (However, the exact 
agreement of the curves in Fig. 2 at the red chlorophyll maximum must be 
considered accidental.) The extraction and separation of phycocyanin, on 
the other hand, were not made quantitatively. The curve in Fig. 1 represents 
an arbitrary concentration, chosen to give agreement between the two curves 
in Fig. 2 at the phycocyanin absorption maximum. This is the only adjust- 
ment involved in the calculated curve aside from the wave length shifts men- 
tioned above. 

A comparison of the curves in Fig. 2 for the observed absorption of the 
intact cells, and for the absorption calculated from the curves for the combined 
extracts (the solid and broken curves respectively), shows that in the region of 
carotenoid absorption the calculated curve is too high. This is perhaps an 
indication that these pigments absorb somewhat more in solution than in the 
live cells. The chlorophyll absorption band in the red is obviously much 
broader in the intact cells than in solution, so that for wave lengths near this 
band the absorption measured in solution is significantly lower than for live 
cells. It is not clear to what extent this applies also to the blue band of 
chlorophyll, and to the carotenoid band. 

It is noteworthy that the absorption curve measured for a scattering suspension 
can give such good agreement with that of the extracted pigments in homogeneous 
solution. This favorable result may be due in part to the absence of plastids in the 
Chroococcus cells, and consequent simpler arrangement of pigments than prevails 
in the higher algae. In Chroococcus the pigments appear to be uniformly distributed 
throughout the protoplast. In the case of Chlorella, where the pigments are con- 
centrated in plastids, comparison of the absorption spectrum of the live cells with 
that of the extracted pigments gives far less satisfactory agreement. Further evi- 
dence of the relative simplicity of pigment arrangement in Chroococcus is obtainable 
from an examination of water extracts. It is well known that water extracts from 
ground cells of higher green plants arc difficult to analyze spectroscopically, although 
Smith (1941) has shown that satisfactory absorption curves can be made with ex- 
tracts in aqueous digitonin or other detergents. But if Chroococcus cells are ground 
in a glass mortar with an equal volume of crystolon and then diluted with distilled 
water and centrifuged, a fairly clear extract of the combined pigments is obtained 
without resort to detergents. The absorption curve of such an extract is included 
in Fig. 2 (dotted curve). The sharpness of the absorption bands is comparable with 
that of Smith’s digitonin extract. The aqueous extract was not perfectly clear, 
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SO the absorption spectrum was measured with the photronic cell. The plotted 
values, displaced upward on the ordinate scale to avoid confusion of the other two 
curves (scale on the right), refer to a pigment concentration arbitrarily chosen to 
give agreement with the blue chlorophyll maximum of the live cells. The extract 
was prepared from a sample of the same culture used for the other two curves in 
Fig. 2. In the aqueous extract of pigments the positions of the maxima of the alcohol- 
soluble pigments remain unaltered, as compared to the corresponding maxima for the 



Fig. 3. These curves show what percentage of the total absorbed light is absorbed 
by each of the three pigment components, and how the percentage absorbed by rach 
component varies with wave length. The solid curve is for chlorophyU, the broken 
curve is for the carotenoids, and the curve drawn with alternate dots and dashes is 
for phycocyanin. These curves are based on the measurements with “tr^t^ 
pigments. The values for total light absorbed were taken from the points of the 
broken curve in Fig. 2. To find the per cent absorbed by each component, t 
values plotted in Fig. 1 were used, ^ter making the same adjustments in positions 
of the maxima as were used in deriving the broken curve in Fig. . 

intact cells The absorption band of phycocyanin, however, is shifted, opening up 
X ^iml at 6?0 mM, which is particularly striking -Hen th^orptj^ 

is observed visuaUy. The secondary ^yr’related to the reduced 

pigments present in the aqueous extract. 

The good general agreement between the two lower curves of Fig. 2 in^^tes 
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by each of the three pigment components, using the wave length shifts men- 
tioned above. Fig. 3 shows how the percentage of light absorbed by each 
component varies with wave length. The values plotted in this figure are 
compared in the next section with the dependence of the quantum yield on wave 
length, in order to show how much of the photosynthetic activity is due to 
light absorption by the accessory pigments. 

Fig. 3 is clearly an inexact picture of the percentage of light absorbed by the 
pigment components in the intact cell, since the curves in Fig. 2 show certain 
discrepancies between intact cells and extracted pigments. Even where the 
combined absorption of the pigment extracts agrees well with the absorption 
of the cells, there is no certainty that relative absorption of the components 
can be calculated correctly from the measured absorption of the extracts. It 
is always possible that the process of extraction increases the absorption of 
one pigment and decreases that of another, in such a way as to produce no net 
change in the total absorption. While such uncertainties are a distinct limita- 
tion of the method, at present there appears to be no simple way of avoiding 
them. 


Quantum Yield 

The quantum yield for Ckroococcus photosynthesis is plotted against wave 
length in Fig. 4 (solid line). Eight separate runs were made, in general on 
different days and with cells from different cultures. The points of each set 
are identified by distinguishing characters on the graph. Although careful 
control of culture conditions made it possible to obtain cells with very nearly 
the same characteristics from different cultures, the reproducibility was not 
perfect. It was assumed that a slightly lower activity of a particular culture 
would lower the quantum yield at different wave lengths by the same factor, 
so that a uniform correction could properly be applied. One set of values 
in Fig. 4 has been multiplied by 1.05, and another by 1.13, to give a better fit 
with the other points. One culture gave yields about 20 per cent below the 
others, and has been omitted. The other five sets are presented as they were 
obtained. In some runs the series of wave lengths was gone over twice, in 
other cases only once. A small correction was sometimes made for the ob- 
served decline in activity of the cells during the 2 or 3 hours of a run. Of the 
36 points, three, belonging to different sets, appear to be definitely out of line 
with the others, and have been arbitrarily omitted from consideration in 
drawing the curve. 

Considering first the red end of the spectrum, Fig. 4 shows that the quantum 
yield is essentially constant from 690 m^t to about 570 m/i, aside from the small 
maximum at 680. It is uncertain whether this maximum is real, or is the 
result of a higher activity of the particular culture used for this region. The 
difference in photosynthetic efficiency over the entire range does not in any 
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case appear to be more than about 10 per cent. Fig. 3 shows that at 676 mjit 
phycocyanin absorbs 6 per cent of the total light absorbed, chlorophyll 94 per 
cent; while throughout the region from 640 to 560 the relationship is nearly 
reversed, with phycocyanin absorbing over 80 per cent, and chlorophyll less 
than 20 per cent. Even allowing wide margins for the uncertainty in esti- 
mating absorption in the live cell from the measurements on extracted pigments, 
it is clear that the light absorbed by phycocyanin must be available for photo- 



Fig. 4. The quantum yield of Chroococcus photosynthesis. The solid line is 
drawn through the experimental points, the values obtained in different runs being 
distinguished by different characters. The dotted curve shows the expected de- 
pendence of the quantum yield on wave length, on the assumption that the yield 
for light absorbed by chlorophyll and phycocyanin is 0.08 at all wave lengths, and 
that the light absorbed by the carotenoids is not available for photosynthesis. 


synthesis with an eflSciency of the same order of magnitude as that absorbed 
by chlorophyll. 

Proceeding to the short wave length half of Fig. 4, the most obvious explam- 
tion for the sharp decline in yield beyond 570 m/x would be that the carotenoi^ 
are here absorbing light but not contributing the energy to photosynthesis. 
To test this h)rpothesis, we have calculated the expected photosynthetic yield 
for the total energy absorbed by the live cells, using the figures for relative 
absorption of the three pigment components, as plotted in Fig. 3 from the curves 
for the extracted pigments. The quantum yield for light absorbed by chloro- 
phyll or by phycocyanin is assumed to be 0.08, and the yield for light absorbed 
by carotenoids zero. The resulting curve for yield as a function of wave 
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length is shown by the dotted line in Fig. 4. Qualitatively this is in fair agree- 
ment with the solid line drawn through the experimental points, a clear indica- 
tion that the light absorbed by the yellow pigments is relatively ineffective 
in photosynthesis. But quantitatively the calculated yield is too low by a 
factor of two in the region of lowest efficiency. This is definitely outside the 
experimental error of the quantum yield measurements, and appears to be an 
unreasonable discrepancy to attribute to the assumptions involved in calculating 
the relative amounts of light absorbed by the pigment components. 

On the other hand, if the above calculation is modified by assuming that the 
yield for light absorbed by the carotenoids is one-fifth that for chlorophyll and 
phycocyanin, instead of zero, then each point on the calculated curve is raised 
one-fifth of the distance between its present location on the dotted curve and 
the value 0.08. Agreement with the experimental curve is then entirely satis- 
factory, the minor discrepancies being less than one would expect in view 
of the imperfect agreement between calculated and measured absorption for 
the live cells shown in Fig. 2. The uncertainties involved indicate that no 
great significance should be attached to the precise value assumed in this 
case for the quantum yield for light absorbed by the carotenoids. But the 
good general agreement obtained suggests that a small part of the energy 
absorbed by the carotenoids may be available for photosynthesis. 

Measurements with Thin Suspensions 

As a check of the results with thick suspensions and in order to get additional 
information, a few runs were made with suspensions absorbing roughly half 
of the incident light. The photosynthesis and incident energy were measured 
in the same way as before, and the fraction of the incident light absorbed by the 
suspension was determined as a function of wave length directly after each run, 
in the apparatus described in Section II. The resulting values for the quantum 
yield were in general agreement with those obtained with totally absorbing 
suspensions, tending to confirm both the latter and the technique of absorption 
measurements. Though the absorption in different regions varied by a factor 
of more than two, and the quantum yield by a factor of more than three, the 
calculated quantum yield showed, within 10 per cent, the same dependence on 
wave length as the solid curve in Fig. 4. 

These measurements with thin cell suspensions may also be presented in 
another way, to distinguish between that portion of the absorbed light which 
is absorbed by pigments photochemically active in photos)aithesis, and that 
which is absorbed by inactive pigments. The usefulness of a distinction be- 
tween “active” and “inactive” pigments depends in part on two simplifying 
assumptions. These are that the quantum yield for light absorbed by any one 
pigment is independent of wave length, and that the yields for the various 
accessory pigments are either zero or equal to the yield for light absorbed by 
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chlorophyll. (The possibility of generalizing the discussion to include inter- 
mediate and even varying efficiencies is obvious.) 

The measurements of photosynthesis and light intensity with the thin sus- 
pensions show the yield per quantum of incident energy. We call this to 
distinguish it from 0, the conventional symbol for the yield per quantum of 
absorbed energy. The value of 0' varies with wave length, and depends not 
only on the fraction of the incident light which is absorbed by the cell suspen- 
sion, but also on the fraction of the absorbed energy which is absorbed by 
pigments active in photosynthesis. This latter fraction is not measurable 
directly, but can be estimated as follows. We will use 0o to denote the yield 
for energy absorbed by chlorophyll, a pigment which we are sure is photo- 
chemically active in photosynthesis. The value of 0o may be assumed, or it 
may be measured directly at some wave length not appreciably absorbed by 
the other pigments present. According to the assumptions mentioned above, 
the value of 0o is indep)endent of wave length, and applies also to the energy 
absorbed by any other pigments besides chlorophyll which may be active in 
photosynthesis. Therefore at any wave length where 0' has been measured, 
we can use the value of 0o to find the fraction of the incident energy which is 

absorbed by photosynthetically active pigments. This fraction is the “ac- 

4>o 

tive absorption” for the particular suspension of cells on which 0' was measured. 
It is to be compiared with the total absorption, measured directly on the same 
cell suspension with the photronic cell. To express total absorption in the 
same units as active absorption, we will call lo the incident energy, and /' the 
absorbed energy (the difference between the incident and transmitted energy). 


Then — - is the total absorption, that fraction of the incident energy which is 
lo 


absorbed by all the pigments present in the suspension, both active and in- 
active. Comparison of — with -- should show what fraction of the absorption 

lo <l>o 


is attributable to active pigments and what to inactive pigments. Reference 
to the absorption spiectra of the extracted pigments may then show which are 
the active and which the inactive pigments. 


Fig. 5 shows a plot of measurements of both X 100 (solid curve) and 

* o 


^ X 100 (broken curve), against wave length. Three experiments are repre- 
00 

sented, each covering a different portion of the spectrum. For the run be- 
tween 600 and 700 mu, the figure of 0.07S was used for <l>„ the yield for light 
absorbed by chlorophyll. This value was measured with a thick suspension 
of cells from the same culture as the one used for the thin-susi)ension measure- 
ments. For the other two runs, no direct determinations of were made, and 
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a value of 0.070 was assumed, iu order to bring the curves for active and total 
absorption roughly together at 583 m/i. 

In the long wave length section of Fig. 5, the curve for total absorption shows 
a maximum near 670 mfi due to chlorophyll, and another one near 620 mju 



Wave Lenq+h m mjj 


Fig. 5. Comparison of absorption spectrum and “action spectrum.” The three 
parts of the fi^re represent three different nms, each covering a portion of the 
spectrum. For the blue region a concentration of 1.02 c.mm. cells per ml. of sus- 
pension was used, for the green region 1.67 c.mm., and for the red region 0.75 c.mm. 
The short horizontal line in each section shows the half- width of the band used for 
the run represented. The solid line shows the per cent of incident light absorbed 
by a suspension of live Ckroococcus cells. The broken curve shows the per cent of 
the incident light which is absorbed by photosynthetically active pigments, on the 
assumption that all the light used for photosynthesis gives a quantum yield equal 
to the observed yidd for the light absorbed by chlorophyll. 

due to phycocyanin. The curve for active absorption shows two maxima 
which correspond closely to the ones for total absorption. The active absorp- 
tion is nearly equal to the total absorption, showing that the same fraction of 
the incident energy which is absorbed is also used for photosynthesis. This 
is clear evidence that radiation absorbed by phycocyanin, as well as that 
absorbed by chlorophyll, is used for photosynthesis. There is no indication 
that the quantum yield for phycocyanin is any lower than for chlorophyll. 
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Our interpretation of this evidence, taken together with that in thick suspen- 
sions, is that the two yields are the same within 10 per cent, and probably 
within 5 per cent. 

In the region of carotenoid absorption the curves behave quite diflFerently. 
Below 560 m/x, as the total absorption turns sharply upward, the active absorp- 
tion continues to decline. After going through a broad minimum from 520 
to 480 m/x, it finally rises gradually as the blue absorption band of chloro- 
phyll is approached, and at 423 m/x nearly rejoins the curve of total absorption. 
The area between the two curves, which from the point of view outlined above 
represents absorption by inactive pigments, may evidently be associated with 
carotenoid absorption. However, the active absorption in Fig. 5 never 
reaches a lower fraction of the total absorption than 29 per cent. Calculation 
based on absorption of the extracted pigments indicates that throughout the 
region from 466 to 500 m/x chlorophyll and phycocyanin together account for 
less than 15 per cent of the total absorption. The discrepancy, amounting to 
a factor of two, is as before not easily attributable to errors in the measurement 
of photosynthesis or radiant energy. It is possible that throughout the region 
of low efficiency the process of extraction alters the absorption by the pigments 
much more than was assumed. The discrepancy would be eliminated if we 
should assume that in the plant chlorophyll absorbs about three times as 
much, or that the carotenoids absorb only half as much, as in solution. The 
curves in Fig. 2 make either of these hypotheses seem unlikely, but a more 
moderate effect of extraction on both pigments is certainly compatible with 
the absorption measurements. Due to this possibility no more definite 
conclusions can be drawn than from the experiments with thick suspensions. 
Both groups of experiments suggest either that certain of the carotenoid 
pigments of Ckroococcus are photochemically active in photosynthesis, or that 
all are active with an efficiency much lower than that of chlorophyll and 
phycocyanin. Any attempt to distinguish between these two possibilities 
by the present method would be difficult because of the similarity between the 
absorption spectra of the various carotenoid pigments. 

In presenting the experiments with both thick and thin suspensions, we have 
made use of the assumption that the quantum yield for light absorbed by any 
one pigment is independent of wave length. It is appropriate to mention 
some experimental evidence in support of this assumption. In the case of the 
green alga Chlorella pyrenoidosa, which contains no phycocyanin, practically 
the entire absorption of light at wave lengths longer than about 570 m/x can 
be attributed to chlorophyll. Measurements of the quantum yield of ChlareUa 
photos)mthesis at different wave lengths (the results of which are being pre- 
pared for publication) have shown that from about 570 to 680 m/x, the yield 
is essentially constant. Franck and Herzfeld (1937, p. 251) state that the 
yield of chlorophyll fluorescence is constant from 400 to 650 m/x. If their 
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interpretation of the significance of fluorescence is correct, then constancy of 
the yield of fluorescence favors the conclusion that the photosynthetic yield 
for light absorbed by chlorophyll must be constant, not only in the region 
where chlorophyll alone absorbs light, where the experiments with Chlorella 
indicate that it is constant, but also at wave lengths where other pigments 
compete with chlorophyll for the absorption of light and make direct measure- 
ments impossible. But the extension of the assumption of constant photo- 
synthetic yields for each pigment to organisms other than Chlorella, and 
pigments other than chlorophyll, must be regarded as only a working hypo- 
thesis. 

It must be emphasized that these reservations concern only the conclusions 
drawn in regard to the carotenoid pigments. The experiments reported here 
establish beyond reasonable doubt that the light absorbed by phycocyanin 
is used for photosynthesis with an efficiency approximating that of the light 
absorbed by chlorophyll. But whether the phycocyanin acts by transferring 
the energy it absorbs to chlorophyll, which then carries on photosynthesis in 
the same way as if it had absorbed the light initially, or whether the phyco- 
cyanin can carry out carbon dioxide assimilation independently of chlorophyll, 
is a question to which our experiments give no answer. 

SUMMARY 

The absorption spectra of the principal pigment components extracted from 
Chroococcus cells have been measured, and their sum compared with the ab- 
sorption of a suspension of living cells. The agreement was sufficiently close so 
that it was concluded the absorption spectra of the extracted and separated 
pigment components could be used to obtain estimates of the relative absorp- 
tion of the various components in the living cells. 

The quantum yield of Chroococcm photosynthesis was measured at a suc- 
cession of wave lengths throughout the visible spectrum, and the dependence 
of yield on wave length was compared with the proportions of light absorbed 
by the pigment components. This comparison showed beyond reasonable 
doubt that the light absorbed by phycocyanin is utilized in photosynthesis 
with an efficiency approximately equal to that of the light absorbed by chloro- 
phyll. The light absorbed by the carotenoid pigments of Chroococcus seems 
for the most part to be unavailable for photosynthesis. The results leave open 
the possibility that light absorbed by the carotenoids is active in photos3nithe- 
sis, but with an efficiency considerably lower than that of chlorophyll and 
phycocyanin. It is also possible that the light absorbed by one or a few of the 
several carotenoid components is utilized with a high efficiency, while the 
light absorbed by most of the components is lost for photosynthesis. 



ROBERT EMERSON AND CHARLTON M. LEWIS 


595 


CITATIONS 

Dutton, H, J., and Manning, W. M., 1941, Am. J. BoL^ 28, 516. 

Emerson, Robert, and Lewis, C. M., 1939, Am. J. Bot., 26, 808. 

Emerson, Robert, and Lewis, C. M., 1941, Am. J. Bot., 28, 789. 

Engelmann, T. W., 1883, Bot. Z., 41, 1. 

Franck, J., and Herzfeld, K. F., 1937, J. Ckem. Physics^ 6, 237. 

Harder, R., 1923, Z. Bot., 16, 305. 

Smith, E. L., 1941, /. Gen. Physiol., 24, 565. 

Strain, H. H., 1938, Leaf xanthophylls, Carnegie Institution of Washington, Pub. 
No. 490. 

Svedberg, T., and Katsurai, T., 1929, J. Am. Chem. Soc., 61, 3573. 

Tischer, J,, 1938, Z. physiol. Chem., 261, 109. 




THE PHYSIOLOGICAL EFFECTS OF /-TYROSINE AND /-PHENYL- 
ALANINE ON THE RATE AND QUALITY OF PULSATION IN 
THE SEVENTY-TWO HOUR EXTIRPATED 
EMBRYONIC CHICK HEART* 

Bv BERNARD J. MILLER and VINCENT W. CIACCI 
{From the Lankenau Hospital Research Institute, Philadelphia) 

(Received for publication, November S, 1941) 

The growth effects of the differentiation-enhancing amino acids, /-tyrosine 
and /-phenylalanine, have been reported in a previous communication.^ The 
physiological effects upon rhythmicity and contractility of the 62, 72, and 96 
hour chick hearts are here reported. 

Since the 62 to 96 hour embryo chick heart is free of nervous control, the 
peculiar qualities of rhythmicity and contractility may be rightly attributed 
to either inherent potency, chemical influences, or both. By chemical in- 
fluences is here meant either direct stimulation or depression due to naturally 
occurring compounds or to metabolic products of such substances upon the 
myocardial syncytium. 

/-Tyrosine and /-phenylalanine bear structural relationship to epinephrine, 
ephedrine, tyramine, and thyroxine. These four products produce specific 
physiological manifestations which may easily be identified as such. 

Consequently, the work reported in this paper was designed to determine the 
ease with which syncytial heart muscle of the 72 hour chick embryo could 
convert or utilize /-tyrosine or /-phenylalanine in this way. In addition, it 
was of interest, in the event that these naturally occurring amino acids would 
have any such action, to study the effects upon the quality of the pulsations 
and any alteration in the conduction jjattern as compared to the known effects 
produced by /-epinephrine. Since these amino acids are present in such high 
concentrations in the hen’s egg, it was thought that this information might 
have important bearing in relation to the initiation of rhythmicity in such 
hearts. 


Method 

Fertile hen’s eggs were obtained from a routable hatchery within 24 hours after 
laying. These were incubated in a moist chamber incubator. 

* Aided by a grant from Mrs. Elizabeth Nax. 

^ In press. 
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Locke’s solution minus dextrose served as the basic medium. The electrolytic 
balance of Lockers solution is ideal for preserving the rhythmical pulsations of 72 
hour chick hearts (1). Fletcher and Waters (2) report that mammalian heart muscle 
does not utilize dextrose when perfused with an artificial medium. The solution was 
prepared in triple distilled water, which had previously been boiled to remove excess 
carbon dioxide gas, and placed in a paraffin-lined bottle to prevent the silica of the 
glass from entering the solution. 

In two experiments, the amount of /-tyrosine sufficient to make a m/100 solution 
was dissolved in 1 cc. of a n/1 HCl. Next, 8 cc. of a Locke’s solution were added, 
and the solution finally brought to the original pH by the addition of 1 cc. of a n/1 
NaOH. The m/1,000, m/10,000, and m/50,000 dilutions of /-tyrosine were then pre- 
pared from the standard m/100 solution. In the remaining experiments, sufficient 
/-tyrosine, /-phenylalanine, or ^epinephrine was dissolved in 100 cc. of Locke’s solu- 
tion to make the proper concentration. This latter method avoided even the slight- 
est disturbance in the pH or osmotic pressure. In all cases the constituents^ were 
weighed to the tenth part of a milligram on a high sensitivity analytical balance. 

The blastoderm was excised, care being taken not to touch the heart or adjacent 
structures, and placed in 10 cc. of freshly prepared Locke’s solution. The heart was 
then oriented under a dissecting microscope. The ectoderm was carefully removed 
from around the heart with an iridectomy knife. By means of a quick incision the 
sinus venosus was cut from the ducts of Cuvier, care being taken not to injure the 
sinoatrial node. The bulbus conus arteriosus was likewise divided from the aorta. 
The heart was then transferred to a large Petri dish containing 20 cc. of a freshly pre- 
pared Locke’s solution by means of a wide mouth pipette. All experiments were con- 
ducted at 26®C. 

The pulsation rate was taken soon after the heart was placed in the Locke’s solu- 
tion. Additional counts were taken every 15 minutes to a half hour until the last 
two rates agreed with each other within a variation of five pulsations per minute. 
As a rule, the faster beating hearts were transferred to the control dishes which con- 
tained 5 cc. of the normal Locke’s solution, and slower hearts transferred to similar 
dishes containing the same amount of experimental solution in order that the in- 
crease in pulsation rate would exceed the refractory phase. 

Pulsation rates were recorded for all hearts at half hour intervals. All experiments 
were concluded when experimental hearts had passed from irregular rhythm to par- 
tial or complete heart block rhythm. 

The result of each experiment was plotted. At the conclusion of the study, all 
data were statistically combined by the method of graphic addition, and a single 
composite graph was made for each compound and concentration studied. Thirty- 
eight experimental 72 hour hearts and ten 72 hour control hearts were fixed in abso- 
lute alcohol, embedded in paraffin, sectioned, and stained for glycogen by the method 
of Best (3). 


* Amino acids were 99.8 per cent pure and were obtained from La Roche. Crys- 
talline epinephrine was obtained from Armour and Co. 
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EXPERIMENTAL OBSERVATIONS 

Control Hearts 

All individual curves show the same general form (Fig. 1). The composite 
rate curve statistically derived from the experimental data of fourteen con- 
trol hearts revealed two peaks, the first of which occurred within IS minutes 
after transfer from the original Locke's solution in which hearts remained until 
they assumed a regular pulsation rate, and a second peak which attained its 
greatest magnitude within 1 hour and 50 minutes after transfer to experimental 



control dishes of Locke’s solution. The descending limb of the second peak 
continues to a lower level than that of the first peak. This contmues at a 
comparatively uniform rate to the termination of the experiment. Individual 
control curves show increasing deterioration and decreasing pulsation rate 
beyond 4 hours and may faU to a level as low as eight to ten pulsations per 

“35 ^ cent of control heats do show a period of iiiegoWte mnif»t by 
the appearance of occasional pauses in pulsation het^n 2} and 3, hoim. 
Control hearts did not assume a heart block rhythm but constantly pulsated 
at a normal rhythm with each auricular contraction followed by a contraction 

of the ventricle. 




600 


PULSATION OF EXTIRPATED EMBRYONIC CHICK HEART 


Effect of UTyrosine 

The curves derived from the data of thirty-four experimental 72 hour chick 
hearts studied in m/1,000, m/10,000, and m/50,000 /-tyrosine showed the 
same fundamental features of the composite control curve with the following 
modifications (Fig. 1): — 

1. There is an abrupt increase in pulsation rate in m/1000, m/ 10,000, and 
m/S0,000 /-tyrosine, attaining a higher level than that seen in the composite 
control curve. The rate of pulsation was highest in m/10,000 and m/50,000 
/-tyrosine. 

2. In controls the succeeding decrease in pulsation rate is negligible. In 
the case of experimental solutions the following decrease in rate is more rapid. 
In m/1000 /-tyrosine it is more rapid than in m/10,000 and m/50,000 /-tyrosine. 
However, the greatest fall in rate occurred in m/50,000 solution. 

3. The second period of increased pulsation rate in the experimental curve 
is relatively higher than that seen in the control curve. The pulsation rate is 
highest in m/ 10,000 and m/50,000 /-tyrosine, while with m/1000 /-tyrosine the 
highest pulsation rate is slightly above that seen soon after transfer to /- 
tyrosine solutions. 

In all cases this highest pulsation rate is delayed in comparison with the 
controls, appearing earliest in m/1000 /-tyrosine and latest in m/50,000 /- 
tyrosine. 

4. The degree of pulsation depression decreases with increasing concentra- 
tion of /-tyrosine. In all cases the depression of rate is greater than that of 
controls. 

5. Recovery from the previous depression is more rapid with decreasing 
concentration of /-tyrosine. 

6. Irregularity of rhythm appears first in experimental conditions. Irregu- 
larity is seen at lowest depression in the case of m/1000 /-tyrosine and during 
beginning depression in m/50,000 /-tyrosine, while irregularity is seen during 
recovery in m/ 10,000 /-tyrosine. 

7. Irregularity is soon replaced by partial or complete heart block rhythm 
in 75 per cent of experimental hearts. In the case of m/50,000 /-tyrosine, heart 
block rhythm is established during depression while in the case of m/1000 and 
m/10,000 /-tyrosine heart block rhythm is established during recovery from 
the previous depression. The usual rhythm observed is 2 to 1, but 3 to 2, 
and 10 to 1 rhythm have been occasionally observed. 

8. In all cases the terminal pulsation rates of experimental hearts are rela- 
tively higher than the terminal pulsation rates of control hearts. 

When placed in fresh Locke's solution, only 20 per cent of 72 hour experi- 
mental hearts show recovery of rate and rhythm. 

Four 64 hour embryo chick hearts were only slightly susceptible to the effects 
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of f-tyrosme. The^ showed immediate depression in m/1,000 i-tyrosine 
solution, and only slightest increase in pulsation rate. There was, how- 
followed by a greater depression and irregular rhythm 
m M/10, ^ «yrosme, but in no case did the effect compare with that of 72 
hour embryo chick hearts in /-tyrosine solution. 

/-Tyrosine exerted its greatest effect on 96 hour embryo chick hearts. Four 
96 hour hearts placed in m/1,000 solutions showed an immediate and sustained 
increase of pulsation rate. Pulsation irregularity sets in at peak stimulation 
and was immediately followed by partial heart block rhythm. 



On the other hand m/ 10,000 /-tyrosine produced depression of pulsation 
rate after peak stimulation followed by a gradual recovery, pulsation irregu- 
larity, and partial heart block rhythm, or else complete cessation of beat. 
All hearts showed complete recovery of rhythm and pulsation rate when 
placed back into the normal Locke’s solution. 

It was found that /-epinephrine had no consistent effect, especially in con- 
centrations below m/10,000. Ten hearts were observed in /-epinephrine. 
Some experimental hearts did show an immediate stimulation occurring 
within 15 minutes after transfer to the experimental solution. This was 
followed by depression and the appearance of partial heart block rhythm. 
A second stimulation peak was observed only in m/ 100,000 /-epinephrine, 
but in this case there was also irregularity of rhythm. It is to be emphasized 
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that any results with /-epinephrine are to be cautiously evaluated since the 
compound is rapidly oxidized in aqueous solution. 

EJecls of Phenylalanine 

The curves derived from the data of ten experimental 72 hour chick hearts 
studied in m/1000 and m/10,000 /-phenylalanine show the same fundamental 
features of the control curve with the following modifications (Fig. 2) : — 

1. There is a gradual and prolonged depression of pulsation rate immediately 
upon transfer to m/1000 and m/10,000 /-phenylalanine. Depression is greater 
in m/10,000 /-phenylalanine. 

2. Highest pulsation rate in m/1000 /-phenylalanine is greatly delayed in 
relation to the control curve, but eventually it attains a magnitude equal to 
that seen in m/S0,000 /-tyrosine. The highest stimulation in m/10,000 is 
delayed beyond that of m/1000 and is of lesser magnitude. 

3. The following depression of rate is most severe and rapid in m/1000. 
This is followed by an increasing pulsation rate which attains a level equal to 
the previous peak value. 

4. In the case of m/1000 /-phenylalanine the first increase in pulsation rate 
is accompanied by the appearance of persisting irregularity. In m/10,000 
/-phenyl-alanine irregularity appears at the peak pulsation rate. 

DISCUSSION 

The first peak in the composite control curve is apparently the result of 
mechanical stimulation since this does not occur if hearts are not transferred. 
If this peak be graphically eliminated by the string method, it will be seen that 
the pulsation rate gradually increases from the beginning; at 45 minutes the 
increase in rate becomes more rapid, and the rate attains its greatest magni- 
tude in 1 hour and 45 minutes. This latter, sudden increase in rate is not 
surprising since the nodal tissues are markedly sensitive to CO 2 , which causes 
an increased rate of impulse initiation at the sino-atrial node and increased 
conduction over the arterio-ventricular bundle in fully developed hearts. 
The rapid fall of pulsation rate below the base line may be attributed to the 
overwhelming effects of CO 2 and other metabolites which cause slowing of the 
heart and increased tone of the cardio-inhibitor center of hearts subject to 
nervous control. Beyond the 3 hour interval, individual control pulsation 
curves show steadily increasing depression. 

There is evidence of irregularity in 35 per cent of control hearts. This may 
be attributed to the accumulation of carbon dioxide, since it was noted that a 
fall in pH to a level of 7 of Lockers solution causes extra systoles, heart block, 
other irregularities, followed by a cessation of impulse initiation and conduction 
in 72 hour embryo chick hearts. 

Hearts placed in /-tyrosine show an initial stimulation followed by a de- 
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pression. With m/1000 /-tyrosine the depression predominates whereas with 
m/10,000 and m/50,000 /-tyrosine stimulation was more evident. Stimulation 
was manifest as an increase in rate and conduction and depression as a de- 
crease in rate and conduction. The period of irregularity appears to approach 
the peak stimulation as the concentration of /-tyrosine is decreased. Irregu- 
larity of rhythm and associated heart block rhythms appear to be true con- 
duction effects and result from the direct injury suffered by the nodal tissue 
while acceleration of pulsation, due to increased impulse initiation is apparently 
the result of a direct effect on the nodal tissues. 

These effects closely resemble the effects of /-epinephrine on the intact 
mammalian heart (Sollmann, 4). 

The results of experiments with 62 hour, 72 hour, and 96 hour chick hearts 
indicate that the degree of sensitivity to /-tyrosine parallels differentiation of 
the tissue. 

Adrenalin is first detected, by present available methods, on the 8th day 
of embryonic development (5). 5-day embryo chick hearts have been shown 
to be sensitive to epinephrine (6). We have found that 72 hour chick hearts 
give varied responses to 1 part in 10 thousand, and 1 part in 50,000 crystalline 


/-epinephrine. 

/-Phenylalanine produces an initial depression; later it has effects similar to 
those of /-tyrosine, m/10,000 /-phenylalanine is toxic and causes a steadUy 
increasing depression immediately after transfer followed by the typical 
/-tyrosine effect, which in the case of m/1000 attains a level twice as high as 
that observed with m/10,000 /-phenylalanine. The period of irregularity 
differs from that produced by /-tyrosine. In this case irregularity is seen at 
lowest depression and not peak stimulation. There is no recovery of hearts 
when placed in fresh Lockers solution such as occurredafter tyrosine. Instead 
hearts go into partial or complete heart block. 

/-Phenylalanine is an indispensable amino acid (7), and may serve as the 
immediate precursor of /-tyrosine, which in turn is readily converted to 
epinephrine, as has been shown in kidney slices (8). The initial depression 
p^ibly represents immediate toxicity and lag before the compound is con- 
verted to f-tyrosine. The initial toxicity may also be due to the conversion 
of part of the ^phenylalanine into f-phenyl pyruvic acid (9), ^ 

easUy oxidized by tissues. In this case the stimulation level would be lower 
than that seen with the same concentration of f-tyriwine becauM of ^ » 
ence of an inhibiting compound or initial injury suffered by the myocardial 


•^Tbryo chick hcMt tot begins to puknte rh^»% 

Gangiion ceils cannot be demonstrated as .pU, j 

thetic nervous system does not appear until a r ... ‘ . Viwnt and 

^r^peenJ qualities of ebythmidty and conteactitty ate mhetent and 
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myogenic. K one attempts to go a step further, he may deduce that other 
inherent qualities and potencies are likewise dependent upon non-nervous 
factors — probably chemical in nature. It is well established that the mineral 
constituents of the blood such as Ca, K, Na, O 2 , and CO 2 tensions, lactic acid, 
and /-epinephrine exert important influences on the heart, either directly or 
indirectly by their actions upon the hypothetical substance of Langely. Ac- 
cording to Cruickshank and McClure (10), the amino acids are very sparingly 
utilized as a source of energy. The combustion of fat serves as the greatest 
energy source. The amino acids, however, have been reputed to be of greater 
significance in cardiac metabolism since they exert their effects through cer- 
tain intermediaries and metabolites such as tyramine and epinephrine and so 
condition the inherent qualities of heart muscle. This of course is opposed to 
the belief that /-epinephrine is a metabolic waste. Mitchell and Hamilton 
(11) report the presence of4per cent /-tyrosine and 5.1 per cent /-phenylalanine 
in egg albumin. Since /-phenylalanine is considered the immediate precursor 
of /-tyrosine, the initial concentration of /-phenylalanine was probably higher 
Galvialo (12) reports the existence of a protease, amylase, and lipase in the 
24 hour chick embryo, while the presence of a tyrosinase, and catalase, have 
been reported in the yolk of Koga (13). This indicates that the facilities for 
the conversion of /-phenylalanine or /-tyrosine into /-epinephrine and tyramine 
are present before any recognizable rudiment of the adrenal glands appear and 
before /-epinephrine can be pharmacologically detected. Possibly /-tyrosine or 
/-phenylalanine is concerned with the initiation and preservation of rhythmicity 
in the heart. 

Thanks are extended to Drs. Stanley P. Reimann and J. Earl Thomas for 
their assistance during the course of this work and preparation of the manu- 
script. 


SUMMARY 

1. 72 hour isolated chick hearts show an increase in pulsation rate when 
placed in m/1000, m/10,000, and m/50,000 /-tyrosine solutions. The optimal 
effect is seen in m/10,000 and m/50,000 /-tyrosine. 

2. All hearts show disturbance of rhythm either in the form of irregular 
rhythm or heart block. 

3. 62 hour isolated chick hearts are not susceptible to /-tyrosine while 96 
hour hearts are markedly sensitive. 

4. 72 hour isolated chick hearts placed in 1 part in 10,000 and 1 part in 50,000 
/-epinephrine show approximately the same effects as were seen with /-tyrosine. 

5. 72 hour isolated chick hearts placed in m/1000 and m/ 10,000 /-phenyl- 
alanine show an initial depression followed by an /-tyrosine effect. 
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THE FLOCCULATION MAXIMUM (pH) OF FIBRINOGEN AND 
SOME OTHER BLOOD-CLOTTING REAGENTS. (RELATIVE 
TURBIDIMETRY WITH THE EVELYN PHOTOELECTRIC 
COLORIMETER) 

By JOHN H. FERGUSON 

{From the Laboratories of Pharmacology, University of Michigan, Ann Arbor) 
(Received for publication, November 21, 1941) 

In previous publications (4, 5, 12) it has been pointed out that fibrinogen, 
as ordinarily prepared from plasma by “salting-out” with neutral salts, is not 
a pure protein, but contains significant amounts of contaminants, including 
serum globulin, prothrombin, phospholipids, inorganic salts, etc. It is a com- 
mon experience that fibrinogen solutions keep poorly and cannot be evaporated 
without irreversible change (denaturation). A successful “lyophile” prepara- 
tion has been described, however (8). The deterioration which occurs in solu- 
tions and sometimes even during the course of preparation (particularly if too 
many “saltings” are attempted) is usually regarded as a form of denaturation, 
but there are indubitable occasions when some true fibrin clot appears, despite 
all the usual precautions. By means of cold-room temperature (2°C.) and 
moderate acidification (pH = 6.0), Florkin (11) obtained a NaCl fibrinogen 
which fulfilled the physicochemical requirements of constant and reproducible 
solubility, held to permit its characterization as “sufficiently purified of other 
proteins and its own denaturation products to yield a chemical individual.” 
Nevertheless, the preparation was very unstable at room temperature, espe- 
cially at alkaline pH, and it could not be dialyzed. May not Florkin’s limited 
success be attributable to the known ability of cold and acidity to arrest the 
action of a contaminating trypsin-like enzyme? 

Such an enzyme (serum tryptase) is well recognized and numerous experi- 
ments in the past few years (2, 3, 9, 12, 15) attest its importance (as a constit- 
uent both of plasma and of aqueous tissue extracts, or “thromboplastin”) in 
the mechanisms of blood coagulation (6). Both crude tissue (and plasma) 
materials and the essentially analogous pure crystalline trypsin (isolated from 
pancreas by Northrop and Kunitz in 1936) show parallelism of behavior, under 
appropriate exj>erimental conditions, with respect to (a) fibrinogenolysis and 
fibrinolysis (2, 9), (6) prothrombinolysis (7) and thrombinolysis {^progressive 
antithrombin (12)), (c) thromboplastic acceleration of the conversion of pro- 
thrombin into thrombin (2) particularly in the presence of optunal amounts of 
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Ca++ and cephalin (P lipid) (9), (d) inhibition by heparin (13, 10). Trypsin is 
unable to dot fibrinogen directly but only through facilitating thrombin pro- 
duction (2, 9, IS), and this facilitation can proceed under conditions of great 
depression of Ca ionization (2, c/. 9), which argues strongly for the probability 
that the natural plasma tryptase, in addition to proteolytic effects, may produce 
at least traces of true fibrin in kept fibrinogen solutions containing small 
amounts of prothrombin. It then becomes a question whether any of the 
numerous experiments, which are interpreted in the coagulation literature as 
fibrinogen ‘‘denaturation,’' are free from confusion with true fibrin clotting 
arising in this way. 

The extensive work of Wohlisch and colleagues (excellently summarized in 
a recent review (15)) is an impressive correlation of denaturation and coagula- 
tion phenomena in an endeavor to support Wohlisch’s theory that the fibrin 
clotting of fibrinogen is merely a type of denaturation, specifically catalyzed 
by a unique proteolytic enzyme, namely, thrombin, not to mention papain and 
certain venoms (cf. 2, 3, 6). Conservative opinion emphasizes, rather than 
minimizes, the experimental differences between fibrin and denatured fibrino- 
gen. The new data on tryptase activities also undermine much of the evidence, 
such as it is, for a protease-like character of thrombin. 

Certain data advanced by Wohlisch and others (15) deal with the flocculation 
maodmum of fibrinogen in buffer solutions of varying pH and salt content. It 
may be regarded as established that (a) fibrinogen regularly shows a floccula- 
tion optimum well on the acid side of neutrality, the exact location of which is 
determined by the electrolyte concentration, (6) the optimum is independent 
of the protein concentration, but this, in conjunction with the salt content, 
determines the ‘‘range” of precipitability. The questionable datum concerns 
an alleged “second maximum” to the alkaline side of the “chief” maximum. 
Such an appearance is well known in the denaturation of egg albumin and 
caseinogen, and Wohlisch argues for a similar phenomenon in the case of fibrino- 
gen denaturation. The real issue, however, arises over claims for a comparison 
with fibrin. Owing to its peculiar gwow-crystalline (oriented micelle) gel 
formation, does not lend itself to flocculation experiments (t>. infra), and 
arguments as to its “maximum of precipitability” in a pH region closer to the 
neutral point, are indirect and somewhat lacking in conviction. Later workers, 
whom Wdhlisch (15) quotes in confirmation, have improved upon that author^s 
original methods by introducing turbidimetric techniques, including the use of 
the Zeiss-Pulfrich Stufenphotometer, 

Having at hand a limited quantity of a particularly suitable fibrinogen prep- 
aration (stable and prothrombin-free, v. infra), together with the excellent 
instrumentation of the Evelyn photoelectric colorimeter, we have sought to 
re-investigate the particular problem outlined above. 
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Methods 

Reagents.— L P/o^ma;— Obtained from citrated (0.38 per cent) dog blood by two 
centrifugalizations and passing rapidly through a Berkefeld V ultrafilter. It was 
7 to 10 days old at the time of the cited tests but appeared stable and yielded a clear 
solution on routine filtration to get rid of a negligible trace of flocculent deposit. 

2. Pi6finage«:— Precipitated three times from the above plasma (24 hours old) 
by one-fifth saturation with (NH 4 ) 2 S 04 . The final preparation, dissolved in 0.85 
per cent NaCl at pH = 7.0, was a clear opalescent solution, stable for more than a 
week in the ice box at 5®C., despite frequent exposures for hours at room tempera- 
tures (25°C.). Throughout the period of study there was no trace of sediment or 
clotting of any kind. Ca salt, with and without added thromboplastin (weak saline 
extract of frozen dog brain), gave no clot during 48 hours, thus proving the complete 
absence of all traces of prothrombin. Solid dots were obtained in a matter of seconds 
with a purified thrombin solution (5) and there was no fibrinolysis in 3 days. The 
fibrin yield, obtained gravimetrically after such thrombin clotting, amounted to 0.375 
gm. per 100 cc. solution. 

J. Preheated Fibrinogen : — 10 cc. fibrinogen carefully warmed, in water bath, until 
indpient turbidization (at 51°C.), then cooled immediately (cold-tap), to prevent 
flocculation. 

4. Acetate Buffer Solutions : — Made from n/50 acetic acid and n/50 potassium ace- 
tate, were checked with the glass electrode (Beckmann pH meter). 

5. Trypsin: — 1:1000 crystalline trypsin (Plaut Research Laboratory), in distilled 
water. The quantities cited in the tests refer to dry weight of the enzyme prepara- 
tion (which indudes about 60 per cent MgS 04 ) per unit volume of protein solution 
tested. 

Apparatus and Technique —The Evelyn photodectric colorimeter was adjusted 
for 10 cc. (macro) samples, using a green filter (540) and matched tubes (blank — 
82.0 d: 1 .0) . 9.5 cc. of buffer solution were placed in tube and adjusted to give a zero 
(4- 100.0) position of the galvanometer spot-light. 0.5 cc. of protein solution was 
added, mixed, and readings taken (as routine) at 15 seconds, and 1, 2, 5 minutes. In 
Experiments III and VII 1/10 volume of protein solution was used, but a slight 
tendency to late flocculation (with resulting reversal of reading) inclined us to prefer 
the 1/20 volume above suggested. The relative turbidities, as measured by the 
galvanometer scale deflection, are given for the i minute readings, in the data sum- 
ma- nzpd in Table I. There was usually a fairly definite maximum within the 5 minute 
observation period, but the slight tendency to drift (partly inherent in the instrument) 
made it undesirable to attempt to fix the “maxima,” particularly since the later read- 
ings invariably supported the sequence recorded for the 1 minute series. While 1.0 
scale unit is probably significant, we have arbitrarily adopted a minimum of 2.0 
units, over the initial turbidity, to define the somewhat indefinite Hmits of the “range” 
of turbidization. This gives results, for the 1 minute series, within the range of 
allowed error of 0.2 pH units of buffer variation (v. infra). 

Data {Table I).— ^ ^ ^ . 

A. Stable Fibrinogen.— 1 . 1/20 volume in n/ 100 acetate buffer: flocculation 
maximum (F.M.), pH - 5.3 (=b0.2); range - 5.9 - 4.3 {±0.2). II. 1/20 volume 
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in n/100 acetate buffer, containing 1 per cent NaCl, F.M. 4.7 (±0.2); range — 
5.1 — 4.1 (±0.2). III. 1/10 volume in n/50 acetate buffer: F.M. = 4.7 (±0.2); 
range « 5.3 — 3.9 (±0.2). 


TABLE I 


Flocculation Maximum of Fibrinogen and Plasma in Acetate Buffers of Varying Salt Content. 
Relative Turbidimetry with Evelyn Photoelectric Colorimeter 


No. 

Initial 

pH 

Checked 
pH (V) 

Various fibrinogen preparations 

Plasma 

I 

II 

III 

IV 

V 

VI 

VII 

VIII 

DC 

X 

XI 

1 

6.47 

6.43 

0.5 

0.5 

1.9 

4.0 

2.2 

2.0 

1.5 

l.O 

1.5 

6.0 

3.0 

2 

6.3 

6.25 

0.8 

0.4 

2.0 

5.1 

2.0 

2.0 

1.4 

1.2 

6.0 

8.0 

8.0 

3 

6.1 

6.10 

1.4 

0.2 

1.9 

6.8 

3.0 

1.5 

2.0 

1.5 

8.8 

9.0 

9.5 

4 

5.9 

5.89 

7.7 

0.8 

1.9 

11.5 

2.8 

1.8 

0.5 

1.1 

18.1 

19.0 

17.0 

5 

5.7 

5.70 

16.0 

0.8 

2.0 

16.5 

5.0 

1.2 

0.9 

1.5 

30.0 

32.0 

27.5 

6 

5.5 

5.46 

23.5 

0.5 

6.5 

22.5 

5.0 

2.5 

1.0 

1.0 

47.0 

44.0 

38.5 

7 

5.3 

5.26 

24.4 

0.5 

24.0 

24.0 

6.5 

3.0 

1.4 

1.1 

57.0 

53.0 

50.0 

8 

5.1 

5.02 

23.5 

3.5 

39.0 

23.7 

14.0 

9.0 

1.9 

2.5 

55.5 

53.0 

50.0 

9 

4.9 

4.81 

18.5 

18.8 

47.0 

20.7 

16.8 

16.0 

9.5 

13.5 

35.0 

41.0 

35.0 

10 

4.7 

4.61 

16.2 

27.0 

53.0 

17.5 

18.0 

23.5 

19.0 

15.0 

31.0 

35.5 

31.5 

11 

4.5 

4.42 

13.0 

25.5 

50.0 

14.0 

15.5 

23.0 

21.0 

13.0 

25.0 

31.0 

27.0 

12 

4.3 

4.24 

6.0 

22.0 

39.0 

8.5 

11.0 

22.0 

17.0 

9.0 

20.0 

25.0 

24.0 

13 

4.1 

4.05 

1.0 

14.5 

28.0 

3.0 

3.5 

12.0 

10.4 

1.5 

13.0 

12.0 

18.0 

14 

3.9 

3.87 

0.5 

1.8 

6.0 

1.0 

2.0 

3.8 

++ 

1.1 

6.0 

4.5 

12.5 

15 

3.7 

3.68 

0.2 

0.8 

2.0 

0.5 

1.0 

2.4 

++ 

0.8 

4.0 

3.0 

14.0 


I. 0.5 cc. stable fibrinogen +9.5 cc. acetate buffer (n/100). 

II. 0.5cc. ** ** +9.5 cc. ** “ (n/100), containing 1 per cent NaCl. 

III. 1.0 cc. “ ‘‘ +9.0 cc. “ “ (n/50). 

IV. 0.5 cc. predenatured (51®C.) fibrinogen +9.5 cc. acetate buffer (n/100). 

V. O.Scc. “ “ “ +9.5 cc. “ “ (n/100) containing 

0.5 per cent NaCl. 

VI. 0.5 cc. predenatured (51®C.) fibrinogen +9.5 cc. acetate buffer (n/100) containing 
1.0 per cent NaCl. 

VII. 1.0 cc. tryptic digest of fibrinogen +9.5 cc. acetate buffer (n/50). 

VIII. 0.5 cc. plasma +9.5 cc. acetate buffer (n/100), containing 0.25 per cent NaCl. 

IX. 0.5cc. “ +9.5 cc. “ “ (n/100). 

X. 0.5 cc. plasma, preheated (53®C.) +9.5 cc. acetate buffer (n/100). 

XI. 0.5 cc. plasma, digested for 1 hr. with trypsin (1:100,000) +9.5 cc. acetate buffer 
(N/100). 

B. Preheated (5i®C.) Fibrinogen. — IV. 1/20 volume in n/100 acetate buffer: 
F.M. ■■ 5.3 (±0.2); range =» >6.45 — 4.1 (±0.2). V. 1/20 volume in n/100 
acetate buffer, containing 0.5 per cent NaCl: F.M. * 4.7 (±0.2); ranges ■= 5.7 — 4.1 
(±0.2). VI. 1/20 volume in n/100 acetate buffer, containing 1 per cent NaCl: 
F.M. - 4.7 (±0.2); range - 5.5 - 3.7 (±0.2). 

C. Tryptic Digest of Fibrinogen. — VII. 1/10 volume of fibrinogen (digested for 
1 hour with 1 : 10,000 trypsin) in n/ 50 acetate buffer: F.M. « 4.5 (±0.2); range « 
4.9 - <3.7. 
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D. Plasma. — VIII. 1/20 volume in n/100 acetate buffer, containing 0.25 per cent 
NaCl: F.M. - 4.7 (±0.2); range - 5.1 - 4.3 (±0.2). IX. 1/20 volume in n/100 
acetate bufier: F.M. == 5.3 (±0.2), range «» 6.3 — <3.7. X. 1/20 volume of pre- 
heated (53‘’C. = incipient turbidity) plasma in N/100 acetate buffer: F.M. » 5.2 
(±0.4), range = 6.1 — 4.3. XI. 1/20 volume of plasma (digested for 1 hour with 
1 : 100,000 trypsin) in n/100 acetate buffer; F.M. “ 5.2 (±0.4), range =■ 6.3 — <3.7. 


DISCUSSION OF DATA 

The pH check made on the final mixtures, in the case of series V, is quite 
satisfactory. At the most, there might be a correction of —0.1 pH, but this 
is well within the allowed limit of 0.2 pH, represented by the series, and the 
slight correction may be neglected. 

The stable fibrinogen shows a F.M. of pH = 5.3 (±0.2) in electrolyte-poor 
buffer, but a prompt and decided shift to the acid (pH - 4.7, ± 0.2) on dou- 
bling the buffer strength or adding 1 per cent NaCl. 

Preheating to S1°C. (incipient denaturation), gave fibrinogen preparations 
which displayed exactly the same F.M. as the untreated fibrinogen, viz. pH = 
5.3 (±0.2) in salt-poor buffer, and pH = 4.7 (±0.2) in n/ 100 acetate containing 
0.5 or 1 .0 per cent NaCl. There was no appearance of any “second maximum,” 
although the experimental conditions with respect to buffer and salt concentra- 
tions closely duplicate those under which Wohlisch (15) claimed to show such 
appearance in crude fibrinogen preparations. 

There was only enough material available for one experiment with trypsm. 
1/10 volume of 1 : 1000 crystalline trypsin, acting for an hour or two, rendered 
the fibrinogen solution incoagulable by a thrombin, which gave solid clots in a 
fraction of a minute with the untreated and the preheated fibrinogen. Tryjain 
has obviously produced fibrinogenolysis, but there is suffident precipitable 
protein left in the clear mixture to give a marked turbidity in ten volumes of 
n/50 acetate buffer. The lessened opacity of VII as compared with III, and 
also the somewhat narrower range of turbidization, suggest a diminution in 
total protein content. The F.M. at pH = 4.5 (±0.2) is not significantly 

different from that of the other fibrinogens. fiUn'nn 

The experiments with the Berkefeld-filtered plasma, from which the fibnno- 
geltXn prepared, and also submitted to partial heat de- -^on and 
Cryptic digestif, again indicate a single floccuktion 5 3 

(±0 2) in electrolyte-poor buffer and the usual shift to pH - 4.7 (±0.2) in 

K/lOO acetate ^Kalni ig ° 

amount insufficient to produce coagulatio ), addine 1/5 
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of turbidity in the tube (pH = 5.9) reached in the flocculation study. The 
solidification of the plasma, of course, prevented continuation of the experi- 
ment. There was an interesting fluctuation of the galvanometer deflection in 
the zone about the F.M. or clot occurrence, in both these experiments. This 
is probably due to light dispersion by the sparse fibrin filaments formed. 

Coagulation Data, — Experiments X and XI were performed on plasma 9 days old. 
The following clotting tests were run at 21.5®C., pH « 8.0. 

1. 1.0 cc. plasma + 0.25 cc. n/10 CaCb “ solid clot in 8J minutes. 

2. 1.0 cc. plasma + 0.25 cc. n/10 CaCU -h O.l cc. brain thromboplastin » solid 
clot in 25 seconds. 

3. 1.0 cc. plasma + 0.25 cc. n/10 CaCl 2 + 1 : 100,000 trypsin - solid clot in 3 min- 
utes. 

4. 1.0 cc. plasma + 1 : 100,000 trypsin (as in Experiment XI) « no clot in 24 hours; 
trace on 3rd day. 

5. 1.0 cc. plasma + 1:100,000 trypsin (as in Experiment XI), recalcified (0.25 
cc. n/10 CaCla) after 2 hours (i.e. at conclusion of Experiment XI) - solid clot in 11 
minutes. 

These tests permit the following conclusions: 

1. The plasma (9 days old) shows excellent preservation of its clotting 
properties, including abundance of fibrinogen, prothrombin, and some thrombo- 
plastin (since Ca salt alone is sufficient to induce coagulation). 

2. The amount of trypsin used in Experiment XI is insufficient to cause any 
fibrin clotting in the citrated plasma in the absence of added calcium. 

3. Nevertheless, the longer time (11 minutes) in test 5, as compared with 
clotting time of 3 minutes in test 3 (identical, except for the duration of exposure 
to 1 : 100,000 tr 3 ^in), is good evidence that trypsin has exerted considerable 
digestive action on the clotting agents (prothrombin and fibrinogen). 

Thus, Experiment XI (Table I) clearly deals with a protein mixture, sub- 
jected to some tryptic digestion, without the occurrence of fibrin formation. 
The extension of the flocculation range in both XI and VII points to an effect 
of tryptic digestion on the precipitability of proteins in the acid region (pH 
below 4.0), which is not adequately studied with the buffer range employed, 
and which is obviously irrelevant to the question of a “second maximum’' near 
neutrality, namely, the problem under investigation. 

COMMENT 

The present material and methods offer an exceptional opportunity to secure 
much needed new data on alleged changes in the flocculation behavior of 
fibrinogen in buffered solutions of varying salt content. The failure to alter 
the precipitation pattern by mild thermal denaturation contradicts the findings 
made by earlier observers with less suitable materials, and questions the validity 
of analogies to denaturating ovalbumin and caseinogen. Fibrinogen which 
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has been lysed by crystalline trypsin (to loss of coagulability with thrombin) 
still shows the same precipitation behavior. 

From the present results it can be definitely concluded that the procedures 
mentioned fail to cause the formation of any substance distinguishable by the 
flocculation technique and the earlier reports must, therefore, refer to material 
which is not a “genuine” constituent of native or denatured or digested true 
fibrogen. If Wohlisch (15) is correct in drawing a parallelism between his 
“second maximum” substance and fibrin (or Apitz’s alleged profihnn), this 
would seem to suggest that fibrin is actually formed under the experimental 
conditions with the crude preparations used. Knowing the ubiquitous presence 
in such materials not only of prothrombin but also of tryptase-like “thrombo- 


plastic enzyme,” which is entirely capable of activating the prothrombin to 
thrombin and hence producing some conversion of fibrinogen to fibrin, this 
suggestion becomes an experimental contingency which must be ruled out 
before any conclusions can be drawn as to possible relationships between de- 
naturation and coagulation. The same contingency, that actual fibrin forma- 
tion may proceed pari passu with denaturation of fibrinogen, throws doubt 
upon many of the numerous experiments of the Wurzburg school. The fact, 
for instance, that preheated fibrinogen clots more quickly with subsequently 
added thrombin, may be due merely to incipient coagulation by traces of throm- 
bin impurity, the formation of which (from prothrombin) is accelerated by the 
wanning. At times, this evinces itself in “spontaneous” clotting (indubitably 
fibrin), while on other occasions, because of the slow production of the traces 
of fibrin and subsequent fibrinolytic destruction by the same tryptase enzyme 
(upon which the whole process depends), the fibrin itself is missed and one 
merely notes the deterioration of the fibrinogen preparation and the eventual 


loss of its coagulability. i • i j-r 

We believe that conservative judgment, based upon obvious physical dif- 
ferences, e.g. (a) appearance, gross and microscopic (especially dark-field), 
(b) solubility relationships, etc. (IS), requires us to look upon fibrin formtion 
as a specific phenomenon of the action upon fibrinogen of thrombin and a few 
unusual proteases (papain, certain venoms) . It is not to be identifi^ wit non- 
specific processes of protein denaturation or digestion, although it is a matter 
of observation that aU three processes may be simultaneously demonstrable m 
crude plasma and clotting systems prepared therefrom. It is 
that the biochemist and physical chemist have ac^rate ^ 

factors involved in blood coagulation, and of the conditions under which th y 
may act, in order to establish criteria of “purification” of the individual 

.tc. wMch m.y b. involved. H.. p.esen. etudy n t^ple to 
rive sienificance to these matters, and the chance obtainmg of a fibrinogen 
a^Sly free from prothrombin and protease impurities, afforcb a umque 
op^tunity to secure tiie cited data, which obviously fail to support 
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of an observable common alteration in the precipitation pattern for at least two 
of the three processes mentioned. Whether or not the entry of the third 
process (true fibrin clotting) can explain the '^second maximum^' described in 
the literature is not completely proved by the above results, although the 
otherwise unsatisfactory experiments with recalcified plasma do suggest it. It 
is clear that when fibrin formation can be ruled out, denaturation or digestion 
are unable to elicit the phenomenon in question. 

Our flocculation maximum (pH = 4.7 dz 0.2) is in good agreement with the 
most reliable data in the literature (IS). The value of pH = 5.3 =fc 0.2, in 
electrolyte-poor buffer, is close to the figure (pH = S.4) given by Stenhagen 
(14) for the “isoelectric point,” by cataphoresis, in the Tiselius apparatus. In 
view of the evidence that we are working with an exceptionally reliable fibrino- 
gen, it may be suggested that a pH of about 5.4 represents the flocculation 
maximum in the salt-free condition, such as presumably obtains also at the null 
point during electrophoresis, owing to the very great mobility of salt ions as 
compared with the slow moving protein micelles. Coincidence of the values 
obtained by two such different methods is presumptive evidence that we are 
dealing at this pH, with the true isoelectric point of fibrinogen protein proper. 

Other Uses of the Photoelectric Colorimeter in Coagulation Research 

Some studies, similar to the foregoing, have been made on our Howell type 
prothrombin solution (5), before and after activation to thrombin. In both 
cases, there was a single definite “flocculation maximum” at pH = 5.4 (±0.2), 
with the rather small turbidimetric value {cf. Table I) of 10.0 scale units. The 
turbidity “range,” in the weak protein solutions (not assayed), was pH = 

6. 1-4.7 (± 0.2), in both instances. The thrombic mixture consisted of 9 cc. 
prothrombin solution + 0.5 cc. CaCl 2 (n/10) + 0.5 cc. of a very weak saline 
extract of frozen dog brain. This thromboplastin solution (filtered), tested 
independently, had an initial turbidity of 10 scale units, to which was added a 
low maximum of 5 units at pH = 4.7. In all these experiments, the mixture 
consisted of 0.5 cc. of crude protein + 9.5 cc. n/100 acetate buffer. 

Baldes and Nygaard (1) have developed a “coagelometer” on principles 
which differ in no significant particular from the Evelyn apparatus, as used to 
measure relative turbidities in the manner above described.^ By successive 
readings after the addition of thrombin to fibrinogen, the kinetics of the second 
phase of clotting (= fibrin formation) can be followed accurately, from the first 
turbidity appreciable to the photoelectric cell to the completion of the process, 
including late fibrinolysis (if any). 

In some crude tests using plasma, instead of fibrinogen, we noted that the 

^ The addition of a photographic unit to obtain a continuous record of the gal- 
vanometer deflection is the one noteworthy difference in the Nygaard apparatus. 
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Opacity took so long to develop a “maximum,” that the quantitative measure- 
ments of relative turbidity are subject to a complex evaluation of the experi- 
mental conditions. However, with a 1:10 saline dilution of plasma, the onset 
of clotting is sharp and a definite “maximum” is reached within a minute or 
two. On adding serial quantities of the above stable fibrinogen solution to this 
diluted plasma and then clotting the mixture with thrombin, the maximum was 
found to increase significantly with as little as 1/50 volume of added fibrinogen 
solution. Under the cited conditions, therefore, it is possible to measure one- 
fiftieth of 0.375 per cent fibrinogen, i,e, 7.5 mg. in 100 cc., a remarkable degree 
of sensitivity for a protein assay. Without entering into a discussion of the 
applicability of such a technique, and the validity of the necessary standards of 
reference, it is obvious that the Evelyn instrument has a special field of useful- 
ness in turbidimetric (nephelometric) assays of many kinds. 

^ It is doubtful whether the turbidimetric timing of either onset or completion 
(solid gel) of fibrin clotting is significantly better than with simple visual means. 

SUMMARY 

By means of a novel adaptation of the Evelyn photoelectric colorimeter to 
the measurement of relative turbidities, the question of the flocculation maxi- 
mum (F.M.) in acetate buffer solutions of varying pll and salt content has been 
studied on (a) an exceptionally stable prothrombin-free fibrinogen and its 
solutions after incipient thermal denaturation and incomplete tryptic proteoly- 
sis, (b) plasma, similarly treated, (c) prothrombin, thrombin, and (brain) 
thromboplastin solutions. 

All the fibrinogens show a remarkable uniformity of the precipitation pattern, 
viz. F.M. =4.7 (±0.2) pH in salt-containing buffer solutions and pH = 5.3 
(±0.2) in salt-poor buffer (n/100 acetate). The latter approximates the iso- 
electric point (5.4) obtained by cataphoresis (14). There is no evidence that 
denaturation or digestion can produce any “second maximum.” The data 
support the view that fibrin formation (under the specific influence of thrombin) 
is intrinsically unrelated to denaturation and digestion phenomena, although 
all three can proceed simultaneously in crude materials. A criticism is offered, 
therefore, of Wohlisch’s blood clotting theory. 

Further applications of the photoelectric colorimeter to coagulation problems 
are suggested, including kinetic study of fibrin formation and the assay of 
fibrinogen, with a possible sensitivity of 7.5 mg. protein in 100 cc. solution. 
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THE PRESENCE OF AN ENDOGENOUS RESPIRATION IN THE 
AUTOTROPHIC BACTERIA 


By K. G. VOGLER* 

{From the Department of Agricultural Bacteriology ^ University of Wisconsin^ Madison) 
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Thiobacillus thiooxidans (Waksman and Joffe, 1922), one of the few strictly 
autotrophic bacteria known, was chosen for a study of the metabolism of 
chemosynthetic cells. The chemosynthetic mechanism and other possible 
enzymatic reactions in such cells have not been studied extensively. Whereas 
the general reactions furnishing the chemical energy are known (Starkey, 
1925) and data on energy efficiency in growing cultures are available (Waksman 
and Starkey, 1923), no indications have been obtained thus far as to the nature 
of the metabolism of the cells. 

The requirement of the specific nutrient (in this case sulfur or thiosulfate) 
for the growth of autotrophic bacteria has led to the conclusion that the 
metabolism in this form of life is not comparable to that of heterotrophic 
organisms; that the chemosynthetic mechanism is a unique process furnishing 
the cell with all necessary materials derived in a different manner than in 
heterotrophic forms. The inability of this organism to grow on any organic 
media yet devised lends considerable support to this contention, and one might 
therefore conclude that the energy released by the oxidation of sulfur (or 
thiosulfate) is coupled to the synthesis of cell material, but that the energy 
supply of the organism is directly dependent upon the specific material oxidi^ . 
Bomeke (1939) has summarized the pertinent literature concerning the mtrify- 
ing bacteria and points out that this viewpoint is the one stressed m most 


standard textbooks. , ^ 

It seems probable, on the other hand, that in nature the suUur-oxidizmg 

bacteria must be able to live for some time in the complete absence of to 
specific nutrient. And this would lead one to believe 

applied the cells with organic storage compounds, the ^ to 

ihes toe energy of maintenance of the organisms and embles them to 

survive for periods during which the specific ““‘"“t is ^ * 

concent toe autotrophic bacteria would be considered closely related to toe 


Foundation. 
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Bomeke (1939) has recently been able to show that a definite oxygen uptake 
may be observed in pure cultures of nitrifying bacteria in the absence of the 
specific nutrient. This endogenous respiration is exceedingly low and requires 
long periods of observation. 

Apparently critical evidence which would distinguish between the two con- 
cepts of autotrophic growth mentioned above would be proof that the en- 
dogenous respiration observed is due to the utilization of stored materials and 
is not dep>endent upon the incomplete removal of the specific nutrient. It 
is the purpose of this paper to provide such evidence for Thiobacillus thiooxidans 
and to describe briefly certain modifications in methods of study which are 
necessary to obtain satisfactory information from this organism. 

Methods 

The techniques of growing this organism and the preparation of '^resting cell” 
suspensions have been previously described (Umbreit, ei al., 1941). Briefly, they 
consist of growth of pure cultures on sulfur in a purely mineral medium, filtration 
of the unused sulfur through cotton, centrifugation of the filtrate in a Sharpies cen- 
trifuge, and washing of the centrifuged cells in buffer or distilled water. Rather 
large quantities of media are required to provide sufficient cells for study and under 
present conditions of culture approximately 5 gm. (wet weight) of cells are obtained 
from each 100 liters of medium. 

Suspensions of Thiobacillus thiooxidans prepared in this manner show a measurable 
oxygen uptake without added sulfur. The Qoi(N) (microliters of oxygen per milli- 
gram of bacterial nitrogen per hour) of this endogenous respiration is relatively 
constant with each suspension although it varied from suspension to suspension be- 
tween the ranges of 10 and 40. The variation among replicates is usually within 
the accuracy of the instrument (Warburg apparatus) and these cell suspensions can 
apparently be treated in the same manner as “resting cell” suspensions of heterotrophic 
bacteria. 

Addition of sulfur to such suspensions increases the oxygen uptake from 20 to 100 
times even in the absence of CO 2 (KOH in Warburg flask). However, replicates 
now exhibit a very marked variability; at times apparently identical flasks exhibited 
variations of over 50 per cent of the average value. Moreover, the Qo,(N) after 
the addition of surfur does not remain constant but increases markedly over a period 
of about 4 hours under our usual conditions, at which time it tends to become con- 
stant, although occasional intervals may show some variation. This effect is illus- 
trated in columns 1 through 4 of Table I. The oxygen uptake per 30 minute interval 
rises rapidly which causes a comparable rise in the Qo,(N). The time required for 
maximum oxygen uptake varies markedly with the concentration of the organism 
and tends to be much shorter when dilute suspensions are used. 

After some study it became apparent that the major cause of these variations was 
the necessity of direct contact between the sulfur particle and the organism (Vogler 
and Umbreit, 1941). The inconsistent results observed in the oxidation of sulfur 
seem to be caused by a variability in the time necessary for the cells to form actual 
contact with the solid sulfur. This time is easily influenced by a number of accidental 
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factors; the distribution of sulfur on the surface of the suspension, the amount of 
sulfur si^ng to the bottom, the formation of clumps, etc. Such variability, how- 
ever, seriously limits the value of the Warburg technique in the study of this oxidation 
so that studies were directed towards methods of reducing the variability. 

Methods which give satisfactory results in the oxidation of sulfur consist of mixing 
the bacterial suspension, the appropriate buffer, and a suspension of very finely divided 
sulfur (such as that remaining after the growth of the organism). These are in- 
cubated for at least 4 hours and immediately before use the pH is adjusted to the 
proper value with as little disturbance as possible. An aliquote of this material is 
placed in the Warburg flask and after equilibration the rates of oxygen uptake are 

TABLE I 


Oxygen Uptake by TkiobaciUus thiooxidans on Sulfur 


1 

2 

3 

4 

5 

6 

7 

8 

Time 

Oxygen 

used 

Oxygen 
per 30 
min. 

Q0,(N) 

over 

interval 

Time 

Oxygen 

used 

Oxygen 
per 15 
min. 

Q0,(N) 

over 

interval 

min. 

microliters 

microliters 


min. 

microliters 

microliters 


30 

11.5 

11.5 

74 

15 

18.4 

18.4 

239 

60 

47.1 

35.6 

230 

30 

36.8 

18.4 

239 

90 

94.2 

47.1 

306 

45 

55.2 

18.4 

239 

150 

240.0 

72.9 

470 

60 

73.6 

18.4 

239 





75 

88.9 

15.3 

199 





90 

106.3 

17.4 

226 





105 

124.7 

18.4 

239 





120 

141.1 

16.4 

213 


1.5 cc. suspension 6 (0.21 mg. N/cc.), 1.5 cc. 10 cc. suspension B-3 (0.38 mg. N/cc.), 10 cc. 
m/10 KHsP04 (pH 4.8), 100 mg. powdered m/10 KH 2 PO 4 (pH 4.0), 10 cc. sulfur sus- 
sulfur on surface (temperature 28°C. KOH pension (0.207 gm. S/cc.), incubated 20 hrs. 
in flask). 28°C. pH readjusted to 4.0, made to 50 cc. 

with water, 4 cc. per Warburg flask (temper- 
ature 28‘’C. KOH). 

determined. These values should be relatively constant in a series of replicate 
flaclra Furthermore, since in a given flask the rate of oxygen uptake per unit time 
is constant, the effect of a variety of materials upon the oxidation could be studied 
by tipping these materials from the side arm and noting the change in rate of sulfur 
oxidation. 

The protocol of a typical experiment using this type of technique is shown in columns 
5 through 8 of Table I in which the relative constancy of oxygen uptake per unit 
time is evident. The Qo.(N) on sulfur, while tending to remain relatively constant 
for each suspension, varies markedly from suspension to suspension. This, of course, 
is a reflection of the number of Kving cells in each suspension which tends to vary 
somewhat. The values for Qo.(N) given in Table I are not claimed to be maxi^ 
values and undoubtedly much larger ones may be obtained ^ter more knowledge 
of the growth conditions and the respiration of the orgamsm is availabl^Certein 
suspensions have been obtained which yield Qo.(N) values approaching 2000. 
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Evidence for Endogenous Respiration 

Proof that endogenous respiration is due to the utilization of organic materials 
and is not due to traces of sulfur in the suspension is possible from evidence 
outlined below. 

Most susp>ensions when first prepared are not entirely devoid of sulfur and 
if they are incubated anaerobically some H 2 S is produced. This is believed 
by Starkey (1937) to be due to the reaction of glutathione (or similar com- 
pounds) in the cells with elemental sulfur. If cultures are allowed to proceed 
until all of the sulfur is utilized (''starved suspensions*^), or if the cells are 
carefully washed and aerated rapidly for the first few hours after preparation, 
the production of H 2 S on anaerobic incubation can be eliminated and these 
suspensions may be regarded as free from sulfur. However, it is impossible 

TABLE II 


Endogenous Respiration of ThiobaciUus tkiooxidans 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Time 

Oxygen 

used 

Q0.(N) 

COi 

liberated 

*.Q. 

Time 

Oxygen 

usra 

Qo,(N) 

COi 

liberated 

I.Q. 

min. 

mieroliters 


microliters 


min. 

mieroliters 


mieroliters 


80 

13.8 

34 

13.6 

0.98 

60 

19.6 

63 

9.3 

0.47 

210 

24.7 

22 

24.4 

0.99 

120 

36.2 

58 

19.2 

0.57 

270 

32.8 

23 

34.4 

1.04 

190 

62.0 

63 

29.0 

0.47 






270 

86.1 

62 

75.0 

0.87 


1.5 cc. suspension 6 (0.21 mg. N/cc.), 1.5 cc. Same, except trace of sulfur added, 
buffer, pH 4.6, 1.0 cc. HsO per flask (temper- 
ature 28*’C.). 


to be sure that every trace of sulfur has been eliminated. Preparations made 
either by aeration or "starving” show an endogenous respiration in the absence 
of added sulfur of the usual magnitude (Qoi(N) 10-40). 

If KOH be left out of the Warburg flask, and that respiration compared 
with replicates containing KOH, there is evidence that CO 2 is produced during 
the respiration. The R.Q. so obtained is close to 1.0. Data for a "starved” 
suspension are given in columns 1 through 5 of Table II while columns 6 
through 10 record the action of the same suspension given a trace of sulfur. 
In the first case the Qoj(N) is within the usual range, and the r.q.*s are about 
1.0. When a trace of sulfur is added, the Qoi(N) increases beyond the usual 
value and the R.Q. drops to about half its former value; both phenomena are 
explainable by the oxidation of the small amount of sulfur added. The pro- 
duction of CO 2 , however, regardless of its relative quantity with respect to 
the oxygen utilized, provides evidence of the utilization of organic materials. 
Oxygen uptake might indicate sulfur oxidation, but CO 2 , could only come from 
carbon materials. 
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It is possible to differentiate the endogenous respiration from that on sulfur 
by means of certain inhibitors of which sodium azide is a striking example. It 
is evident in Table III that the endogenous respiration cannot be due to traces 
of sulfur remaining since no inhibition is evident even at very high concentra- 
tions of the inhibitor. Proof that the observed endogenous respiration is 
due to Thiobacillus tkiooxidans and not to possible heterotrophic contaminants 
may be obtained from the following considerations. The organism is grown 
and harvested at a pH of 1.0 to 1.5 which effectively eliminates most con- 
taminants except yeasts and molds. The endogenous respiration observed 
seems to be independent of the pH and its magnitude is the same at pH 4.8 
and at pH 2.0, a character which is most surprising were it due to a con- 
taminant. Finally, glucose may be added to such endogenous susp>ensions 
without detectable effect upon the oxygen uptake over a period of at least 8 
hours (pH 4.8), so that the respiration observed cannot be due to heterotrophic 
contaminants but must be due to the autotrophic bacterium. (Glucose 


TABLE III 

The Selective Inhibition of Sulfur Oxidation by Sodium Azide 


Concentration of sodium axide 

10-*M 

10“*M 

10-<K 


Inhibition of sulfur oxidation, per cent 

96 

90 

60 

Inhibition of endogenous respiration, per cent 

0 

0 

0 


cone. 0 per cent, Qof(N) 43; 0.5 per cent, 40; 1.0 per cent, 38; 2.0 per cent, 44; 
4.0 per cent, 37; and 5.0 per cent, 41.) Bomeke (1939), after surmounting 
very great technical difficulties, reached the same conclusion for Nitrobacter 
and Nitrosomonas. 

Proof that the respiration observed is yielding energy for the cell can only 
be obtained indirectly. Suspensions which are to all intents sulfur-free survive 
at refrigerator temperatures for relatively long periods (several weeks at 
least). During that time these suspensions have motile forms, they im- 
mediately begin to oxidize sulfur when it is supplied to them, and they con- 
tinually liberate CO 2 . There is, therefore, little doubt that the oxidation of 
the organic materials within the cell is coupled to the energy needs of the 
surviving organism. 

SUMMARY AND CONCLUSIONS 

It is shown that there exists in the autotrophic bacterium ThiobadUus 
tkiooxidans a measurable oxygen uptake in the absence of the specific nutrient 
(sulfur). This respiration is shown to be due to the utilization of organic 
materials which must have been previously synthesized by the chemosynthetic 
process, providing evidence that autotrophic bacteria contain a dissimilatory 
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process which involves the bresikdown of organic materials and furnishes 
energy for the maintenance of the cell during periods in which the speciEc 
nutrient is absent. This is entirely in accord with the work of Bomeke (1939), 
who provided similar tyi>es of proof for Niirosatnonas and Nitrohacter, One 
may conclude, therefore, that autotrophic bacteria possess an endogenous 
respiration which involves the utilization of previously synthesized organic 
materials. 


REFERENCES 

Bhmeke, H., 1939, Beitr^ge zur Physiologic nitrifizierender Bakterien, Arch MikrobioL, 

10 , 385 . 

Starkey, R. L., 1925, Concerning the physiology of Thiobacillus thiooxidans, an 
autotrophic bacterium oxidizing suKur under acid conditions, /. Bad., 10, 
135, 165. 

Starkey, R. L., 1937, Formation of sulfide by some sulfur bacteria, J. Bad., 33, 545. 

Umbreit, W. W., Vogel, H. R., and Vogler, K. G., 1941, The significance of fat in 
sulfur oxidation by Thiobacillus thiooxidans, J. Bad., 43, 141. 

Vogler, K. G., and Umbreit, W. W., 1941, The necessity for direct contact in 
sulfur oxidation by Thiobacillus thiooxidans. Soil Sc., 61, 331. 

Waksman S. A., and Jofie, J. S., 1922, Microorganisms concerned in the oxidation 
of sulfur in the soil. II. Thiobacillus thiooxidans, a new sulfur oxidizing organism 
isolated from the soil, /. Ba^t., 7, 239. 

Waksman, S. A., and Starkey, R. L., 1923, On the growth and respiration of the 
sulfur oxidizing bacteria, J. Gen. Physiol., 5, 285. 



THE EFFECTS OF HYDROGEN ION CONCENTRATION UPON THE 
METAMORPHIC PATTERN OF THYROXIN- AND 
IODINE-TREATED TADPOLES* 

By FRANCIS N. MARZULLI 

{From the Zoological Laboratory , Johns Hopkins University ^ Baltimore) 
(Received for publication, November 24, 1941) 

I. INTRODUCTION 

The effects of external factors upon the metamorphosing action of thyroxin 
have been but little studied. There have, however, been several i>apers tending 
to indicate that certain chemical compounds have an inhibiting effect on the 
activity of thyroxin while others accelerate it. Thus Zondek and Reiter (1923) 
reported that tadpoles living in water which contains CaCb in a concentration 
of 1 part in 2(XX) are much less affected by thyroxin in the solution (1 part in 
20,0(X),0(X)) than are tadpoles living in ordinary tap water. On the other hand, 
they found that KCl in concentrations of 1 part in 2000 tends to accelerate the 
action of thyroxin. These experiments have, however, been repeated by 
Kosmin and Resnicenko (1927), Hellwig (1936), and Rosen (1938) and no 
such effects with CaCb and KCl have been obtained. 

Abelin (1923) reported that the action of thyroxin is sometimes inhibited 
by disodium phosphate but found no effects with sodium acid phosphate. He 
concluded that the POr ion is responsible for the inhibition. 

This matter was taken up by Rosen (1938) who demonstrated that the im- 
portant factor in all of the above experiments is the relative acidity of the 
environmental solution. Inhibition or acceleration of the effects of thyroxin 
is dependent upon the hydrogen ion concentration in the environmental solu- 
tion rather than upon the particular ions present. Rosen placed tadpoles in 
solutions containing the following ions in various combinations: Na*^, PO4 , 
Cl“, CO3 Ca++, H+, Mg++, OH-, CeHsOr, and The compounds 

used were Na2HP04, NaH2P04, Na3P04, HCl, CaCOs, Na2C03, NaHCOa, 
Mg(OH)2, HCftHfiOr, HCaHsOa. By employing these compounds at various 
concentrations, a range of hydrogen ion concentrations from pH 4.8 to pH 11.0 

♦I wish to express my sincerest appreciation to Dr. W. G. Lynn who suggested 
the problem and helped considerably in the guidance of the experimental work and 
the preparation of the manuscript. 
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was obtained. It was found that, with the same concentration of thyroxin 
present in all cases (1:20,000,000), tadpoles showed greatest signs of meta- 
morpbosis in the solutions with the lowest pH values and least signs of meta- 
morphosis in the solutions with the highest pH values. At intermediate values 
the effects were intermediate. 

These experiments were carried out on veiy small groups of tadpoles, only 
six or seven animals being used for each test, and the experimental period was 
only 5 days. The results were not expressed quantitatively, no measurements 
of weight or hind limb length having been made. However, Rosen presents 
photographs of three animals from each experiment and, since he used a rapidly 
metamorphosing form (Rana syhatica), the differences are sufficiently well 
marked to clearly support his general conclusion that “Acidity accelerates 
and alkalinity retards the metamorphosing action of thyroxin on tadpoles.’’ 

No hypothesis has been advanced to account for this observation but it 
would seem that several possible factors must be considered. Since the 
thyroxin, when administered in this way must pass through the skin, or other 
epithelial walls before it can exert its influence, some effect of hydrogen ion 
concentration upon the permeability may be of importance. On the other 
hand, it is conceivable that the thyroxin itself is altered by changing hydrogen 
ion concentration, either by changes in its chemical nature, potency, solubility, 
or degree of dissociation. 

The present experiments have been designed in an attempt to obtain some 
information concerning these various possibilities. It is clear that, if per- 
meability is a decisive factor, then parallel experiments with the thyroxin 
injected into the animals rather than administered through the surrounding 
solution should reveal this fact. Two types of injection experiments are 
possible, (a) The injection of thyroxin at different hydrogen ion concen- 
trations with the environment at a constant hydrogen ion concentration. (6) 
The injection of thyroxin at constant hydrogen ion concentrations into tadpoles 
living in solutions of different hydrogen ion concentrations. The results of 
these injection experiments can show whether, in Rosen’s experiments, hydro- 
gen ion concentration affects the rate of penetration of th)n:oxin or whether it 
affects the potency of th)n:oxin. If there is no effect of hydrogen ion concen- 
tration in both of these injection experiments, we can assume that in Rosen’s 
experiment, hydrogen ion concentration affects the rate of penetration of 
th}nroxin. And if there is an effect of hydrogen ion concentration in both 
of these experiments, then Rosen’s experiment can be explained on the basis 
of change of potency of thyroxin due to change of hydrogen ion concentration. 

The problem has been studied quantitatively for both thyroxin and iodine. 
The use of iodine seemed desirable in view of the great differences in the mole- 
cules of thyioidn and iodine. If the effects of hydrogen ion concentration upon 



FRANCIS N. MARZULLI 


625 


thyroxin are in any way connected with its chemical nature, then they should 
not be expected to hold in the case of parallel experiments with iodine. 

The problems with which the present experiments are concerned can be 
summarized briefly as follows: 

1. Are the potencies of thyroxin and iodine affected by change in hydrogen 
ion concentration; does change in hydrogen ion concentration affect the 
potency of the inducing substances which are injected directly into tadpoles? 

2. Are the membrane-penetrating powers of thyroxin and iodine affected 
by change in hydrogen ion concentration? Does a change in hydrogen ion 
concentration affect the rate of penetration of an inducing substance which 
is present in the environmental solutions of tadpoles? Do inducing substances 
penetrate tadpole membranes more easily at one hydrogen ion concentration 
than at another and if so, why? 

3. Do thyroxin and iodine have similar inducing effects in these experiments? 

4. Are solubility, degree of dissociation, size of molecule (properties which 
are conceivably changed by hydrogen ion concentration changes) involved in 
the induction of metamorphosis? 

11, Materials and Methods 

Tadpoles of Rana catesbiana were used in all the experiments. They were collected 
from the various ponds on the campus of The Johns Hopkins University and the 
vicinity of Baltimore, but all animals used for a single experiment were taken from a 
single pond. During the winter months, several hundred animals which had been 
collected from the same pond during the fall were kept in a large aquarium and used 
as a storage supply. Before each experiment was begun, the animab were acclima- 
tized in the laboratory for 1 day in tap water. Since the hind limbs are extremely 
susceptible to inducing effects (Kollman, 1919, and Etkin, 1932, 1935) and can be 
measured very easily, they are an excellent criterion for the degree of metamorphosis 
and they have been used as such in these experiments. The animab to be measured 
were laid on a wet towel and the right hind limb was measured with a pair of calipers 
to the nearest tenth of a millimeter. 

In most of the experiments comparisons were made among five similar groups of 
animab, each group consisting of nine animab which had hind limbs of varying 
degrees of development. Because the hind limb response to an inducing stimulus 
differs according to the initial size, care was taken to select the animab in these groups 
so that all of the five groups were strictly comparable in length of hind limb. 

The animab were distributed so that three were put into each of fifteen finger- 
bowb. This was done to avoid crowding in the bowls and because, with three ani- 
mab of different length of hind limbs in a bowl, identification of individual animab 
was readily made. 

From the above description, it is seen that comparisons of response can be made 
between having the same length of hind limbs, but receiving different treat- 

ments. Since there are individual variations among animab, conclusions are drawn 
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from the comparison of the average response of nine animals receiving a certain type 
of treatment with the average response of a similar group of nine animals receiving a 
different type of treatment. 

In some experiments, the inducing substance, thyroxin or iodine, was contained in 
the environmental solution while in others it was injected directly into the animals. 
The hydrogen ion concentration of environmental solutions and injected material 
was varied independently. 

For injecting into the tadpoles the inducing substances used in the experiments, a 
h)rpodermic needle was introduced into the right body wall, at the point where the 
tail joins the body and about 1 milUmetcr dorsal to the hind limb. The needle was 
pushed anteriorly into the coelom, where the fluid was emptied. 

Fresh stock solutions of thyroxin or iodine were made up for each experiment. 
The thyroxin was made up by dissolving 10 mg. of thyroxin in 2 cc. of O.In KOH and 
diluting with 98 cc. of distilled water. This produced a solution containing 1 part of 
thyroxin in 10^ parts of water. The iodine stock solution contained 0.254 gm. of 
iodine in 40 cc. of 86 per cent alcohol, making a 0.025 m solution of iodine. In the 
experiments, these stock solutions were diluted to the desired concentrations with tap 
water. (See individual experiments.) 

The solutions in which the animals were confined, designated as environmental 
solutions, were changed daily. This was done both in experiments in which the 
environmental solutions consisted of tap water and those in which it consisted of buf- 
fer solutions. In experiments calling for environmental solutions at different hydro- 
gen ion concentrations, very dilute Mcllvane (disodium phosphate-citric acid) buffers 
were used between pH 4 and 7.5 and Kolthoff and Vlesschhouwcr (soda-borax) buffers 
were used at pH 8.5. 

These buffer solutions were made up in lots of 2400 cc. Thyroxin or iodine was 
added to the buffer solutions, giving a solution whose hydrogen ion concentration and 
thyroxin or iodine content were known. The 2400 cc. of buffer solution containing 
thyroxin or iodine were distributed into each of three finger-bowls so that there were 
800 cc. of solution in each. Hydrogen ion concentrations were ascertained by means 
of the type K modification of the Leeds and Northrup potentiometer, using the 
quinhydrone electrode. 

The first group of experiments, essentially six types, were performed as 
follows: 

A. Experiments in which animab were injected with 3/20 cc. of thyroxin solution 
(1 part in 10^) at various hydrogen ion concentrations, the environmental solutions 
being unbuffered tap water (average pH 6.9). 

B. Experiments in which animab were kept in solutions buffered at different 
hydrogen ion concentrations and injected with 1/5 cc. of stock solution thyroxin (pH 
8.7). 

C. Eiqperiments in which animab were kept in environmental solutions buffered 
at different hydrogen ion concentrations and containing 1 part of thyroxin in 8 X 10^ 
of solution. 
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D. Experiments in which animab were injected with 5/32 cc. of 0.0008 M iodine 
solutions at various hydrogen ion concentrations, the environmental solutions being 
unbuffered tap water (average pH 6.9). 

E. Experiments in which animals were kept in solutions buffered at different hydro- 
gen ion concentrations and injected with 5/32 cc. of 0.0008 m iodine. 

F. Experiments in which animals were kept in environmental solutions buffered 
at different hydrogen ion concentrations and containing 0.000 006 25 m iodine. 

It will be seen that these six types of experiments provided, for both iodine 
and thyroxin, three general modes of treatment: (1) environmental solutions 
at constant hydrogen ion concentration, inducing agent injected at different 
hydrogen ion concentrations;^ (2) environmental solutions at different hydrogen 
ion concentrations and containing the inducing agent in solution; (3) environ- 
mental solutions at different hydrogen ion concentrations, inducing agent in- 
jected at constant hydrogen ion concentration. 

A second group of experiments was performed to further investigate and 
clarify these findings. Individual variations in the methods employed ac- 
company the experiment in question. 

No untreated controls were included in the experiments, since the only pur- 
pose was to compare the effects of various hydrogen ion concentrations on 
induced development and since natural growth over such short periods as were 
involved in the experiments is too small for measurement. 

III. EXPERIMENTAL 

In early experiments it became apparent that the increase in length of hind 
limb shown by a tadpole under a given treatment, varied considerably depend- 
ing upon the initial length of the hind limbs. Thus tadpoles with an initial 
difference of 1 or 2 mm. in the length of the hind limbs show strikingly different 
responses to the same treatment. Since the validity of the experiments is 
dependent upon measurements of hind limb growth as a criterion of the effec- 
tiveness of the treatments used, preliminary experiments were performed to 
ascertain just how far such initial differences might affect the results. 

The results of these experiments, the data of which are not given here, show 
clearly that a very close relationship does exist between the response of the 
hind limbs and their initial size. (The coefficient of correlation was found to 
be 0.91 in one experiment and 0.84 in another.) It was therefore necessary, 
in all later experiments to select very carefully animals with exactly the same 

^ In this connection, no claim is made that a substance injected at a particular 
hydrogen ion concentration remains at that hydrogen ion concentration after being 
injected into the animal. As wiU be seen from the experimental results, a sub- 
stance sometimes does differ in its effects when injected at initiaUy different hydrogen 
ion concentrations. 
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initial length of bind limb in order to insure strictly comparable results in all 
ejsperiments. 

A. The Effects of Injection of Thyroxin at Diverse Hydrogen Ion Concentrations 

(a) Procedure 

On Jan. 9, 1940, a set of experimental animals having hind limbs ranging from 
3.0 to 6.0 mm. was injected with thyroxin buffered at various diverse hydrogen ion 
concentrations. Five groups of nine animals were used as explained under Materials 
and methods. The members of the various groups were injected with thyroxin 
solutions buffered at pH 4.5, 5.3, 6.7, 8.0, and 9.0. 

On Jan. 16, when one animal died, the experiment was terminated and the limbs 
of all animals were measured. The results are given below. 


TABLE I 

The Increase after 7 Days in the Length of Hind Limbs of Tadpoles Injected with Thyroxin at 
Different Hydrogen Ion Concentrations 



Increase in length 

Initial length 

[H*^] in pH units of thyroxin solutions injected 



5.3 

6.7 

8.0 

9.0 

mm. 

■IQIIll 

fNfH. 

flHfl. 

mm. 

mm. 

6.0 

5.8 

5.7 

5.9 

5.6 

5.8 

5.0 

4.8 

4.8 

4.6 

5.2 

5.2 

3.8 

4.8 

4.3 

4.6 

4.4 

4.9 

3.2 

4.1 

4.2 

3.9 

3.9 

4.2 

3.2 

4.1 

3.9 


3.5 


3.1 

3.8 

3.7 

4.1 

3.6 

3.9 

3.0 

3.8 

3.3 

3.8 

3.7 

3.7 

3.0 

5.0 

3.2 


3.3 

3.0 

3.0 

3.0 

3.0 

3.2 

3.2 

*3.0 

Average 

4.2 

4.0 

4.0 

4.0 

4.2 


(b) Results 

Table I shows that there is no significant difference in the response shown by 
the animals which received these different treatments. Thus the response of 
the tadpoles to injected thyroxin is not dependent upon the hydrogen ion con- 
centration of the thyroxin solution injected, and it appears that the potency of 
the inducing substance in this experiment has not been affected. 

B. The Effects of Varying the Hydrogen Ion Concentration of the Environment 
and Injecting Thyroxin at Constant Hydrogen Ion Concentration 

(a) Procedure 

In these experiments the hydrogen ion concentration of the environment was 
varied and that of the thyroxin injected into the animals was the same for all animals. 
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AU animals were injected with 3 /20 cc. of 1 part in 10^ thyroxin (pH 8.7) and put into 
environmental solutions with varying hydrogen ion concentrations. One experiment 
was started on Dec. 5, 1939, and was concluded on Dec. 11. The initial length of 
the hind limbs in this experiment varied from 3.4 to 5.9 mm. 

A second experiment performed May 7 to 11, was carried out on younger animals 
with limbs ranging from 2.1 to 3.2 mm. in length. 

TABLE II 


Tht Iftcteast after 6 Days in Length of Hind Limbs of Tadpoles Living in Solutions of Different 
Hydrogen Concentrations and Injected with Thyroxin 


Initial length 

Increase in length 

[H'*'] of environmental solutions in pH units 

4.4 

5.3 

6.2 

7.4 

8.5 

mm. 

mm. 

mm. 

mm. 

mm. 

mm. 

5.9 

3.0 

5.5 

5.7 

5.3 

5.4 

5.2 

5.5 

5.8 

3.7 

5.5 

5.5 

4.9 

4.4 

4.8 

4.2 

4.3 

4.3 

4.6 

5.4 

5.1 

5.3 

5.0 

4.9 

4.2 

4.7 

4.2 

4.5 

4.6 

4.2 

4.0 

4.7 

3.4 

4.0 

4.1 

3.4 

3.8 

3.8 

4.2 

3.7 

4.1 

4.0 

3.7 

4.1 

4.4 

5.4 

5.5 

3.2 

3.4 

3.4 

3.5 

3.8 

3.5 

3.5 

Average . . . 

4.6 

4.5 

4.7 

4.7 

4.5 


(b) Results 

The results of Experiment 1 given in Table II show that the average increase 
in the variously treated animals is fairly constant. Experiment 2 gave similar 
results. Thus it appears that the hydrogen ion concentration of the environ- 
ment has no effect upon the resjx)nse of tadpoles to equal quantities of injected 
thyroxin. 

C. The Effect of Environmental Solutions Having Diverse Hydrogen Ion Concettr 
traiions upon the Inducing Action of Thyroxin in Solution 

(a) Procedure 

This experiment was performed April 27 to May 4, 1939. The length of the hind 
limbs ranged from 1.7 to 3.3 mm. In this experiment the members of each group 
did not correspond exactly in length of hind limb at the start of the experiment. The 
averages for each group, however, were the same. The animals were kept for 7 days 
in solutions containing thyroxin (1 part in 8 X 10« solution) buffered at diverse 
hydrogen ion concentrations. 
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TABLE III 

TAe Increase after 7 Days in the Length of Hind Limb of Tadpoles Living in Thyroxin Solutions 
at Different Hydrogen Ion Concentrations 



Limb length 

Average 

increase 




mm. 

mm. 

mm. 


mm. 

mm. 

mm. 

mm. 

mm. 

mm. 


4.2 

Initial 

3.3 

2.9 

2.7 

2.7 

2.5 

2.4 

2.1 

2.0 

1.7 




Increase 

6.0 

3.1 

3.7 

3.5 

3.6 

3.3 

2.6 

2.4 

2.2 

3.6 


5.2 

Initial 

3.2 

2.9 

2.7 

2.6 

2.5 

2.4 

2.1 

1.9 

1.7 


[H+l of environ- 
mental solution 

6.3 

Increase 

Initial 

3.0 

3.1 

3.3 

2.8 

4.1 

2.7 

3.0 

2.7 

2.2 

2.4 

3.0 

2.4 

1.8 

2.2 

2.2 

2.0 

2.0 

1.7 

3.2 

in pH units 


Increase 

3.8 

3.9 

3.3 

3.1 

3.6 

3.0 

3.0 

2.4 

1.8 

3.1 

7.4 

Initial 

3.2 

2.9 

2.7 

2.7 

2.6 

2.4 

2.2 

1.8 

1.7 




Increase 

3.9 

4.0 

3.7 

3.8 

3.6 

2.9 

2.3 

1.5 

1.6 

2.9 


8.8 

Initial 

3.3 

2.9 

2.7 

2.7 

2.4 

2.3 

2.2 

1.9 

1.7 




Increase 

3.7 

3.3 

3.0 

2.1 

2.3 

2.2 

1.9 

1.4 

1.3 

2.4 


(b) Results 

It can be seen in Table III that the greatest average increase in hind limb 
length occurs in the animals living in the more acid solutions. Since the re- 
sponse to thyroxin is proportional to the amount which the animal receives 
and since it is independent of the hydrogen ion concentration of the thyroxin 
solution of the environmental solutions (experiments of Sections A and B), 
then in these experiments the effect of hydrogen ion concentration must be 
in regulating the amount of thyroxin which enters the animal body. 

Large amounts of water pass in and out of the tadpole body through the 
integument and animal membranes. This experiment indicates that the 
hydrogen ion concentration of the solution in which the tadpole is living in 
some way affects the rate of passage of thyroxin through the integument and 
animal membranes. 

Thus the greatest passage of thyroxin into the animal occurs at the higher 
hydrogen ion concentrations (lower pH values). 

D. The Effects of Injection of Iodine at Different Hydrogen Ion Concentrations 

(a) Procedure 

These experiments are like those outlined in Section A, but iodine is used instead 
of thyroxin. On Feb. 6, 1940, the experimental animals were injected with iodine 
at various hydrogen ion concentrations and put into fuiger-bowls containing tap 
water. In this experiment, each group contained twelve animals instead of the 
customary nine. The hind limb lengths ranged between 2.8 and 3.0 mm. In this 
series there were 30 animals which had an initial hind limb length of 2.8 mm. but 
differed greatly in body size. These were equitably distributed into five finger- 
bowls according to body size. In this experiment, then, one series of animals con- 
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sisted of five finger-bowls containing six animals having the same length of hind 
limb but different body sizes. 

The animals were injected on Feb. 6, Feb. 17, and Feb. 24 with 5/32 cc. of 0.0008 M 
iodine at a hydrogen ion concentration of pll 4.5, 5.6, 6.6, 7.5, and 8.6. The experi- 
ment ended on Feb. 29. 

TABLE IV 

The Increase after 23 Days in the Length of Hind Limb of Tadpoles Injected nith Iodine at 
Different Hydrogen Ion Concentrations 


Initial length 

Increase in length 

[H+] of injected iodine solutions in pH units 

4.5 

5.6 

6.6 j 

7.5 

8.6 

mm. 

mm. 

mm. 

mm. 

mm. 

mm. 

2.8 

3.4 

6.0 

6.4 

1.6 

\ 1.0 

2.9 

0.8 

5.3 

3.7 

1.5 

0.6 

2.8 

0.7 

3.2 

3.4 

1.0 

1 0.1 

2.8 

0.6 

3.2 

3.1 

0.9 

0.1 

2.8 

0.2 

1.6 

3.0 

0.9 

0.1 

2.8 

0.2 

0.4 

2.1 

0.4 

0.0 

2.9 

0.1 

2.9 

4.5 

0.9 

0.8 

2.9 

0.0 

1.9 

3.3 

0.3 

0.4 

2.9 

0.0 

1.8 

2.7 

0.1 

0.1 

3.0 

1.0 

1.9 

1.2 

0.6 

0.7 

3.0 

0.1 

1.8 1 

1.1 

0.0 

0.3 

3.1 

3.2 

4.3 

4.9 

3.7 

2.1 

Average 

0.9 

2.9 

3.3 

0.9 

0.5 


(b) Results 

The results, indicated in Table IV show that the inducing jwtency of injected 
iodine, nnliltp that of thyroxin, is dependent on its hydrogen ion concentration. 
Animals injected with iodine at pH 4.5, 7.5, and 8.6 showed hardly any response 
but those injected with iodine at pH 5.6 and 6.6 did respond significantly. 

E. The Efecls of EnvironmenUd Solutions of Diverse Hydrogen Ion Comm- 
trations upon the Influence of Injected Iodine 
(a) Procedure 

On Nov. 14, 1939, animab having hind limbs of 4.8 to 8.0 mm. were injected with 
5 /32 cc. of 0.0008 m iodine and put into environmental solutions at (hverse hydrogen 
ion concentrations. The animals were injected again on Nov. 21 and were measured 

on Nov. 25 and Nov. 30. , . q ^ 24 to Nov. 4 with animab ranging in 

length of hind Lb from 3.2 to 5.4 mm. The animab were mjected with 1/5 cc. 
0.0005 li iodine on Oct. 24 and 1/5 cc. of 0.0012 m iodine on Oct. 29. 
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TABLE V 

The Increase after 9 and after 12 Days in the length of Hind Limbs of Tadpoles lining in 
Sdutions of Different Hydrogen Ion Concentrations and Injected with Iodine 

I Ihcreau in length 


/H***] of environmental solutions in pH imits 


Initial length 




7.5 

8.5 


D 

B 

a 

B 

D 


D 

B 

D 

B 

mm. 

mm. 

mm. 

MM. 

MM. 

MM. 

MM. 

MM. 

MM. 

MM. 

MM. 

8.0 

4.1 

6.1 

5.6 

7.6 

5.9 

7.3 

5.1 

7.4 

1 3.1 

5.9 

7.3 

3.7 

4.9 

3.6 

5.4 

4.1 

6.1 

1.9 

3.4 

5.6 

7.2 

7.0 

3.6 

1 5.1 

2.4 

! 5.0 

3.8 

5.7 

2.3 

1 3.9 

2.4 

1 4.3 

6.8 

3.8 

4.6 

4.1 

5.6 

5.3 

7.4 

4.3 

5.9 

4.1 

6.6 

6.0 

3.2 

4.9 

3.9 

6.1 

4.9 

6.0 

2.9 

4.3 

4.3 

7.7 

5.7 

3.0 

5.3 

3.1 

5.2 

3.2 

5.7 

2.5 

4.9 

0.7 

2.5 

4.9 

2.6 

4.1 

3.2 

4.8 

6.0 

8.5 

3.3 

5.3 

2.1 

3.7 

4.8 

2.4 

3.1 

2.3 

4.1 

3.2 

5.2 

3.3 

4.6 

1.2 

3.0 

4.8 

3.4 

5.5 

3.2 

4.3 

2.7 

4.2 

3.2 

5.2 

1.4 

3.0 

A, average 

3.3 


3.5 


4.3 


3.2 


2.6 


B, average 


4.8 


5.3 


6.2 


5.0 


4.9 


A, measurements for Nov. 25. 
6, measurements for Nov. 30. 


(&) Results 

Table V, containing the measurements for Experiment 1 made on Nov. 25 
and Nov. 30 shows that the hydrogen ion concentration of the environmental 
solution does affect the inducing action of injected iodine. On plotting the 
average increase in length of hind limbs against pH values of the environmental 
solutions, the resultant curve resembles that of the preceding experiment. 
In both cases the curve is low at pH 4.5 and 8.5 and reaches a maximum be- 
tween pH 6.2 and 6.6. However, the slope of the curve is much greater in 
the preceding experiment, the results being more marked when the iodine is 
injected directly. Although the hind limbs have increased in size between Nov. 
25 and Nov. 30, the curves for these two dates are very similar. 

The results of Experiment 2 agree with those of 1 in spite of the fact that 
little growth of the hind h'mbs was obtained due to the short duration of the 
experiment. 

It can be concluded from these experiments that the potenqr of iodine is not 
only dependent on the hydrogen ion concentration of the iodine when injected 
but also on the hydrogen ion concentration of the solutions in the immediate 
environment of the animals. 
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Presumably, this is due to the fact that the environmental solutions are 
continually being taken into the animal. Since the potency of iodine is de- 
pendent upon its hydrogen ion concentration, the environmental solutions, 
being continually carried into the animal can conceivably act on the potency 
of the iodine. Thus environmental solutions of difEerent hydrogen ion con- 
centrations have diverse effects. 

F. The Effects of Environtnenial Solutions at Diverse Hydrogen Ion 
Concentrations, Containing Iodine 

(a) Procedure 

On Oct. 2, 1939, the experimental animals ranging from 3.0 to 5.9 mm. in length 
of hind limbs were put into solutions of different hydrogen ion concentrations con- 
taining 0.000, 006, 25 M iodine. The animals were measured on Oct. 21. 


TABLE VI 

The Increase after 19 Days in the Length of Hind Limbs of Tadpoles living in Solutions of 
Different Hydrogen Ion Concentrations Containing Iodine 



Increase in length 

Initial length 

IH'*'] of environmental solutions in pH units 


4.5 

5.3 

6.2 

7.5 

8.5 

mfn. 

mm. 

mm. 

mm. 

mm. 

mm. 

5.9 

0.0 

0.7 

2.4 

4.0 

1.8 

5.2 

0.0 

0.6 

3.0 

5.9 

3.7 

4.8 

0.0 

0.5 

4.0 

4.0 

1.0 

4.1 

0.0 

0.4 

3.0 

4.0 

1.2 

4.0 

0,0 

0.7 

2.8 

3.7 

0.8 

3.9 

0.0 

0.3 

3.2 

2.1 

1.3 

3.2 

0.0 

0.6 

3.0 

3.5 

1.7 

3.1 

0.0 

0.6 

1.9 

2.8 

0.7 

3.0 

0.0 

0.3 

2.1 

2.5 

0.8 

Average 

0.0 

0.5 

2.8 

3.6 

1.4 


Although the experiment took 19 days, the animals at pH 4.5 all died after 10 days. 


(b) Results 

After 10 days all the animals at pH 4,5 died without any growth of hind 
limbs. The animals at pH 7.5 showed a measurable increase in length of 
hind limbs, but those at pH 6.8 and 5.2 grew very little. The results of this 
experiment are given in Table VI. Plotting average irrerease in length of 
hinH limhs against hydrogen ion concentration of the environmental solutions 
shows a curve with a deep slope at the hydrogen ion concentrations above and 
below pH 7.5. 
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The previous experiments with iodine (Sections D and E) have shown that 
the potency of injected iodine is aflFected by the hydrogen ion concentration of 
the injected iodine and the hydrogen ion concentration of the environmental 
solution. Graphs for these two experiments show the same maximum points 
of response although in one type of experiment the hydrogen ion concentration 
change is in the environment and in the other type in the substance injected 
into the animal. These results differ, however, from the results of the experi- 
ments in this section (Section F) in the maximum point of response. The 
essential experimental difference between the experiments of Section F and 
those of Sections D and E is the penetration of the integument by the inducing 
substance in the experiments of Section F. Thus the difference between the 
results of this experiment and the previous iodine experiments may in some 
way be due to the two factors which are at work here, namely potency and 
the penetration of the integument as contrasted with one factor involved in the 
previous experiments, namely potency. 

From the iodine experiments it can be concluded that iodine solutions, unlike 
thyroxin solutions, vary in their power of metamorphic induction according to 
the hydrogen ion concentration. 

G. Investigations into the Nature and Cause of the Effects of Hydrogen Ion 
Concentration on Thyroxin-Indmed Metamorphosis 

It has been shown that the development of tadpoles in environmental solu- 
tions containing thyroxin is dependent upon the hydrogen ion concentration 
of that environment. Further experimentation indicated that this effect is 
not due to a difference in the chemical nature of the thyroxin, but to a difference 
in the rate of penetration of thyroxin into the animals under these diverse 
conditions. It is now desirable to attempt to ascertain the factors involved 
in this difference in penetration rate under differing conditions of acidity and 
alkalinity. 

One of the most logical suspicions is that the metabolic activity of the animal 
is dependent upon the hydrogen ion concentration of the environment. A 
change in metabolic activity can bring about a change in the rate of intake of 
environmental fluid and its dissolved substances and such a change could 
conceivably account for the differential growth of tadpoles in solutions of 
thyroxin at different hydrogen ion concentrations. The following experi- 
ments were imdertaken in an attempt to test this hypothesis. 

(a) Procedure 

Respiration-metabolism tests were made upon the same twelve tadpoles at different 
hydrogen ion concentrations. The animals ranged in weight from 1.9 to 4.1 gm. 
They were kept in tap water for 1 week before being tested at another hydrogen ion 
concentration. The tests were made in unbuffered tap water at pH 6.9 and in 
buffered tap water at pH 4.3 and 8.4. 
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The apparatus used in this experiment is diagrammed in Fig. 1. Water (w) at a 
known hydrogen ion concentration was put into a 20 liter carboy and oxygen was 
allowed to bubble through slowly. A manometer (w) was connected to the carboy 
so that the oxygen pressure in the carboy was maintained at 795 mm. of mercury. 
The water was allowed to siphon down into each of four chambers (a); three of these 
contained experimental animals while the fourth served as a control. These chambers 
were mounted in an aquarium with adequate facilities {s,h,ij) for maintaining a 
constant temperature of 24.5®C. The chambers were connected with two parallel 
tubes {ctfOi) inclined at an angle of 45®. One tube {ot) was an overflow tube, the 
other (ct) a collecting tube. A steady flow of water was maintained through the 



Fig. 1. Apparatus for respiratory metabolism test, a, anunal chamber; A, heater; 
i», manometer; r, relay; s, stirrer; thermoregulator; w, water source; ct, collecting 
tube; a/, outflow tube. 


overflow tube for 4 hours at 100 cc. per hour during which time the tadpoles were 
acclimatized and the entire system reached an equiUbrium. Then the overflow 
tube was closed and water was allowed to flow up the collecting tube at the same 
rate of flow. This water was collected under oil and analyzed for oxygen content. 
The oxygen content of the control minus the oxygen content of the water which 
had flowed past the tadpoles was considered to be the amount of oxygen consumed 


by the tadpole. , • j 

Measurements of dissolved oxygen in water were made by the Thresh lodometnc 
method of titration. This method has been described by Sutton (1896). It wm 
found to be accurate and yet more convenient than the Winkler method generally 
used by biologists. It is based on the fact that KI when mixed with sulf^c aad 
and sodium nitrite liberates iodine in proportion to the amount of dissoly^ o^gen 
present. The liberated iodine can then be calculated by titration with sodium 


thiosulfate. 
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(b) Results 

Over one hundred and forty respiration-metabolism tests were performed, 
the results of which are not shown here in table form. At pH 8.3 the rate of 
oxygen consumption in mg./hr./gm. was 0.175 ± 0.0136 (standard error), 
at pH 6.9 it was 0.317 db 0.0445, and at pH 4.3 it was 0.441 db 0.0195. These 
results show clearly that the hydrogen ion concentration of the surrounding 
medium has a profound effect on the rate of respiratory metabolism of the tad- 
pole. The greatest extent to which these figures can be wrong (three times the 
standard error) still shows no overlapping of numbers at pH 4.3 and pH 8.3. 
It would seem that these findings may provide the explanation for the effect 
of hydrogen ion concentration on thyroxin-induced metamorphosis. It is 
therefore postulated that increase in the metabolic rate results in increase in 
the corresponding intake of the environmental water with the result that a 
greater amoimt of dissolved thyroxin penetrates the integument in a given 
time. The reverse is true when the metabolic rate is decreased. Keeping 
tadpoles in th 3 n:oxin solutions at different hydrogen ion concentrations therefore 
results in differential growth. 

H. The Effects of Hydrogen Ion Concentration on Normal Metamorphosis 

The effect of hydrogen ion concentration on the rate of metabolic activity 
in thyroxin-treated animals immediately gives rise to the suspicion that normal 
metamorphosis may also be affected by this factor. It would be expected that 
animals engaged in active secretion of thyroid hormone would secrete in ac- 
cordance with their rate of metabolism, and also that animab with depleted 
stores of hormone would replenish their supply in accordance with their meta- 
bolic rate. In order to test the validity of these ideas, large tadpoles, nearing 
the metamorphic crisis were used. It is obvious that small tadpoles cannot 
be utilized because their normal growth is so slow as to make their use im- 
practical in a study of this kind. On the other hand a difi^culty is encountered 
in obtaining large numbers of old tadpoles in exactly the same stage of hind limb 
development. This difficulty becomes of little importance, however, in view 
of the fact that animals nearing the metamorphic climax have reached a point 
of maximum responsiveness. That is, response of the hind limbs to growth- 
inducing substances is no longer significantly dependent on their initial size. 
Therefore a comparison of the growth of hind limbs among animals differing 
by not more than 1 mm. in initial hind limb length is wholly justifiable. 

The following experiments were performed at different seasons of the year. 
The first experiment was performed on winter tadpoles with depleted th}n:oids. 
These animals probably had to s}mthesize their hormone from iodine taken in 
in small amounts from the environment. The second experiment was per- 
formed on summer tadpoles actively engaged in secretmg the thyroid hormone. 
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ExperimefU 1 
(a) Procedure 

Forty tadpoles were selected that had hind limbs which varied between 15 and 
37 mm. in length. These were divided into five gioups of eight, the members of each 
group not varying in hind limb length from the members of any other group by more 
than 1 mm. The animals were kept at different hydrogen ion concentrations for 
28 days (Jan. 10 to Feb. 7). Their only source of food was EMea, Spirogyra, and 
bread. 


TABLE VII 

The Ejffut of Hydrogen Ion Concentraiion on the Rate of Growth of the Hind Limbs of Tadpoles 



Limb length 

Average 

increaae 




mm. 

mm. 

mm. 

mm. 

mm. 

mm. 

mm. 

mm. 

mm. 


4.3 

Initial 

31.8 

23.3 

21.0 

16.1 

36.1 

26.1 

22.5 

15.0 




Increase 

2.3 

6.4 

2.0 

0.6 

1.4 

2.2 

1.0 

0.5 

2.1 


5.3 

Initial 

32.0 

24.0 

20.8 

16.1 

36.8 

26.6 

23.2 

15.0 


(H**'] of environ- 
mental solution ^ 

6.2 

Increase 

Initial 

0.6 

32.1 

0.8 

24.2 

1.3 

20.7 

1.0 

16.1 

1.4 

35.2 

2.4 

26.0 

1.2 

22.9 

0.0 

15.0 

1.1 

in pH units 


Increase 

0.8 

1.8 

0.0 

0.2 

2.6 

1.3 

0.9 

0.7 

1.1 

7.3 

Initial 

31.7 

23.7 

20.6 

16.1 

35.8 

26.0 

22.2 

15.0 




Increase 

0.1 

0.6 

0.3 

0.1 

2.2 

0.1 

0.7 

0.7 

0.6 


8.6 

Initial 

31.8 

23.6 

20.1 

16.1 

36.2 

26.1 

23.0 

15.0 




Increase 

0.0 

1.2 

0.0 

0.9 

0.1 

0.7 

0.3 

0.1 

0.4 


(6) Results 

Development was extremely slow due to the fact that the thyroid gland was 
depleted of hormone following the active growing period of the summer months. 
This, however, does not detract from the significance of the results which 
show five times as much growth at pH 4.3 as at pH 8.6. These results are 
shown in Table VII. Differential growth seemingly results from the control 
which metabolic activity exerts on the amount of iodine which enters the animal 
from the environment. This explanation is based on a supposition that the 
iodine of the environment (derived probably from the Spirogyra and Elodea) 
exists in a form whose inducing effect is not dependent on hydrogen ion con- 
centration. On the other hand it is not impossible that animals nearing the 
metamorphic climax can draw on other organs of the body for a supply of iodine. 
Either explanation requires the interpretation of differential growth in this 
experiment as due to an effect of the differential metabolic rates found in 
these animals. 
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Experiment 2 
(a) Procedure 

Forty-five tadpoles were selected which had hind limbs varying from 4.3 mm. to 
14.1 mm. in length. Five groups of nine animals were made, the members of each 
group differing but slightly from those of another group inasmuch as these animals 
were not all near the metamorphic climax. The various groups were kept at different 
hydrogen ion concentrations for 25 days (June 19 to July 14). 

TABLE VIII 


The Effect of Hydrogen Ion Concentration on the Rate of Growth of the Hind Limbs of 

Tadpoles 



Limb length 

Average 

increase 




mm. 

mm. 

mm. 

mm. 

mm. 

mm. 

mm. 

mm. 

ffIM. 

mm. 


4.3 

Initial 

14.1 

9.3 

8.3 

8.0 

7.0 



4.9 

4.3 




Increase 

20.1 

17.7 

13.4 

7.9 

2.6 

7.8 


loti] 

2.8 

8.1 


5.3 

Initial 

14.1 

9.3 

8.3 

7.9 

7.0 

6.1 


IE 

4.3 


pS+J of envi- 


Increase 

22.7 

22.5 

2.6 

1.9 

18.9 

1.3 


0.4 

2.5 

. 8.1 

ronmental 

6.2 

Initial 

14.2 

9.3 

8.3 

7.9 


m 


4.9 

4.3 


solution in 


Increase 

20.9 

16.4 

27.5 

0.9 

3.9 


w 

0.4 


8.1 

pH units 

7.3 

Initial 

14.1 

9.3 

8.3 

7.9 


6.1 

% 

4.9 

4.3 




Increase 

■EE 

5.5 

2.8 

0.0 

1.4 

1.3 

1.0 

fftwil 

0.4 

3.6 


8.6 

Initial 

14.1 

9.3 

8.3 

8.0 




4.9 

4.3 




Increase 

16.8 

1.1 

3.9 

2.7 

1.2 

1.2 

m 

0.0 

0.4 

3.1 


ip) Results 

These animals present a wide degree of variation in the responses of indi- 
vidual tadpoles. Probably this is due to the fact that some animals have 
acquired and stored a greater amount of hormone than have others during the 
winter and spring. The results of this experiment, shown in Table VIII. point 
to greater response among the larger limbed tadpoles. Being older and larger, 
they would be expected to have stored larger amounts of iodine than the smaller 
limbed tadpoles. Generally speaking, the variability in response of the tad- 
poles depends on the intensity and rigidity of environmental stimuli. The 
response of the tadpole to iodine is less variable in a buffered solution than 
in an unbuffered one because of the relative rigidity of the buffered environ- 
ment. Then also, the more potent the inducing stimulus, the less variable the 
response. The response of tadpoles to thyroxin is less variable than the re- 
sponse to iodine, and this response is in turn less variable than the response to 
the normal growth stimuli. The effects of hydrogen ion concentration in this 
experiment may be interpreted as resulting from a metabolic control of the 
release of the thyroid hormone. The average growth of the nine animals at 
pH 4.3 is over twice as great as that at pH 8.6. 
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/. Investigations into the Nature and Cause of the Efects of Hydrogen Ion Con- 
centration on Iodine-Induced Metamorphosis 

Since we have now found a possible explanation for the effects of hydrogen 
ion concentration on thyroxin-induced metamorophosis, it is well to turn to an 
investigation of iodine-induced metamorphosis. This we know to be different 
from thyroxin-induced metamorphosis in view of the experimental results 
already presented. It will be remembered that the effects of hydrogen ion 
concentration upon iodine-induced metamorphosis are such that injected iodine 
at pH 4.3 or at pH 8.5 causes little or no development of the hind limbs while 
at pH 6.7 there is much development. These results differ markedly from 
those obtained when thyroxin is used as the inducing agent and it is therefore 
clear that any explanation for the effects of hydrogen ion concentration on 
thyroxin-induced development would be unsatisfactory for iodine-induced 
development. In fact it seems clear that effects of hydrogen ion concentration 
upon iodine-induced metamorphosis are concerned with changes in the chemical 
state of the iodine itself rather than changes in the amount of the inducing agent 
which enters the tadpole body. In the following paragraphs are listed a few 
equations which illustrate the kind of chemical changes which occur when 
iodine is put into water and buffered at different hydrogen ion concentrations 
(Ephraim, 1934). 

In strongly alkaline solutions, hypiodite is formed. The reaction is com- 
plete, and accounts for the fact that the starch test for iodine cannot be used in 
strongly alkaline solution. 

( 1 ) 2 NaOH + Ij -> H 2 O + 2NaIO 

This reaction is reversible and in a weakly alkaline solution the formation of 
hypiodite is not complete, so that the starch test for iodine can be used. 

( 2 ) HjO + 2 NaIO -> 2NaOHI+I* 

Due to the removal of H"*" ions in alkaline solutions, iodine reacts with water 
to form salts of the oxy-acids. 

(3) 3 H 2 O -h I 2 5HI +HIO, 

The reverse reaction takes place in acid solutions. 

(4) 5HI -h HIO, 31, + 3 H 2 O 

The hydrolysis of iodine is favored by alkaline solution. The equilibrium 
point in this reaction lies well to the left and only small amounts of these sub- 
stances are produced. 

(5) H,0 + I* lOH + HI 

The yield of lOH can be increased by adding either silver salts or mercuric 
oxide. 
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(6) AgNO. + It + H,0 Agl + HIO + HNOi 

Hypiodous acid is extremely unstable forming HI and HIOs readily. 

(7) 3HIO HIO, + 2HI 

This reaction is very slow in dilute solution. 

From the above reactions, it is evident that when iodine is put into water, 
it assumes a variety of chemical forms, the predominance of any one form being 
dependent on the hydrogen ion concentration. It is logical then to suspect that 
differential growth of tadpoles in iodine at different hydrogen ion concentrations 
is due to the presence of a variety of chemical forms of iodine and that these 
forms are not all equal in their ability to induce development. The following 
experiments with iodine were designed to investigate such a possibility. 

Experiment 1 
(a) Procedure 

Three groups of animals were selected whose hind limbs varied between 3.2 mm. 
and 4.5 mm. in length. Each group was put into a solution buffered at pH 6.8 and 
containing iodine at a concentration of 6.25 X m. The iodine was supplied in 
three chemical forms, as elemental iodine, as potassium iodide, and as potassium 
iodate. In this way the effect of iodine, iodide, and iodate can be compared with 
reference to their ability to induce development. 

(h) Results 

The results of this experiment show clearly that the form in which inorganic 
iodine is administered determines the degree of growth response in the tadpole. 
Elemental iodine buffered to pH 6.8 has been shown to be very efficient (Experi- 
ment F). In this experiment it can be seen that it is much more efficient 
than either iodide or iodate. Iodate in the same concentration shows no 
ability whatsoever to induce development while iodide shows only a very 
slight ability. The average growth of the hind limbs of nine animals in iodine 
solution was 2.0 mm., those in iodide solution showed an increase of only 0.1 
mm. during the same period, and those in iodate solution failed to grow at all. 

Experiment 2 
(o) Procedure 

Two groups of tadpoles were selected which had hind limbs varying between 2.9 
mm. and 6.0 mm. in length. One group of animals was put into a solution buffered 
at pH 6.8 and containing 6.25 X 10~'* m iodine. The other group of animals was put 
into a similar solution containing in addition 2 X m AgNOs. The silver nitrate 
was added so as to remove iodide ions and increase the production of iodite at the 
expense of iodine (equation 6). Since we know that elemental iodine buffered at 
pH 6.8 is much more potent than iodide, the reduction in elemental iodine with the 
production of iodite should indicate the relative potency of the elemental iodine as 
compared with iodite. 
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(&) Residts 

In this experiment the amount of iodite produced in the solution containing 
silver nitrate was rather small. This was necessary because of the fact that 
silver nitrate is a very toxic substance and can be added in only small quantities 
if the tadpoles are to survive. This means that equation 6 could by no means 
be brought to completion. The experimental results show that an iodine 
solution at pH 6.8 is far more potent than an iodite solution at the same hydro- 
gen ion concentration. The results do not of course indicate to what extent 
iodite does induce development, if at all since the iodite-containing solution 
contained even more iodine than iodite. The average growth in the length of 
the hind limbs of tadpoles was 2.3 mm. in the elemental iodine solution and 1.7 
mm. in the solution containing iodine and iodite. 


Experiment 3 

When iodine is added to water a variety of ions is formed and the concen- 
tration of the individual ions is dependent upon the hydrogen ion concentration 
of the solution. It can be seen from equation (4) that an increase in hydrogen 
ion concentration hinders the formation of iodide and iodate, and from equation 
(5) that an increase in hydrogen ion concentration hinders the formation of 
iodite. Thus increased acidity results in an increased concentration of free 
iodine. We have already seen that iodine solutions are less and less potent 
as inducing agents as the hydrogen ion concentration is increased from the 
neutral point and one must assume that this is due to the fact that free iodine 
of itself is not a potent inducing substance. This would seem to indicate that 
some substance which is produced at the neutral point must be present along 
with free iodine in order for the iodine to have its full effect, i^ong the sub- 
stances produced at the neutral point are iodide, iodate, and iodite. We know 
that iodide reacts with iodine to form an iodine complex in the following way , 

4- I- -> I3 and it can be shown both theoretically and experimentally that 
greater quantities of this complex are present in neutral ttan in acid solution. 
This suggests the possibility that it may be the 17 which Ls responsible for 
growth. If this is true, then it would be expected that a solution contammg a 
high concentration of 17 should induce growth even at the high hy^ogen ion 
concentrations at which little growth is obtained by means of lodme alrae. 

A brief experiment utilizing the starch test for iodine seems to mdicate Aat 
17 is formed in highest concentrations at the neutral pomts. T^e reaction 
of starch with iodine to form a blue sterch-iodine coinpound ^ 
by MyUus (1887) to be favored by the presence of iodide ions. It a tl^erefore 
thought that it is I? which gives the starch-iodme test rather ' 

An experiment was performed to test roughly at which hydro^n ion concentra- 
tion one would expS to find the greatest starA-iodine 
production of I?. It was found that buffer solutions contammg smallfluanti- 



642 


THYROXIN- AND IODINE-TREATED TADPOLES 


ties of iodine and starch at pH 4.3, 5.8, 7.0, and 8.6 produce the violet color 
only at pH 7.0. At pH 8.6 the solution is colorless, at pH 5.8 it is amber 
(with a faint blue), and at pH 4.3 it is amber. Thus IJ seems to be produced 
maximally at about the neutral point and this would support the h 3 rpothesis 
that 17 is responsible for the induction of growth. 

As for the theoretical viewpoint, if we consider equation (5) to be the only 
reaction occurring and, from the equilibrium reaction, calculate the amount 
of iodide formed at pH 4.3 and at pH 7.0, we find that 50 per cent of the iodine 
which does react according to this equation is converted to iodide at pH 7.0 
and only 3 per cent at pH 4.3. 

[IQH] X [H^l X [I-] ^ 3 ^ 

[I2I 

♦Ephraim (1934). 

Thus the iodine which actually does enter into the reaction would be ex- 
pected to yield more iodide and consequently more IJ at pH 7.0 than at pH 4.3. 
An experiment was performed to test whether or not tadpoles raised under 
these different conditions exhibit any diverse effects which may be attributed 
to the different concentrations of IJ. 

(a) Procedure 

Two groups of twelve tadpoles were procured on Mar. 28, 1941. One group was 
kept in a solution of elemental iodine, the other in a mixed solution of potassium 
io^de and elemental iodine. The final iodine concentration in both solutions 
amounted to 6.25 X 10“® m and the hydrogen ion concentration was adjusted to pH 
5.2. Two other groups of eight tadpoles each were used in a parallel experiment in 
which the hydrogen ion concentration was adjusted to pH 6.8. 

(6) Results 

After 26 days, the average growth of the animals amounted to 2.2 mm. in 
the iodine solution and 2.0 mm. in the iodine-complex solution. This differ- 
ence is not statistically significant and indicates that the iodine-complex is not 
more potent as an inducing substance than iodine. This experiment therefore 
fails to confirm the hypothesis advanced above to account for the difference 
in inducing ability of iodine solutions at different hydrogen ion concentrations. 

The results of the second experiment add little. In the same period of time 
(26 dzys) these animals in both types of solutions, although smaller than those 
used at pH 5.2 grew more rapidly. They averaged an increased growth of 3.1 
mm. in the iodine and 3.0 mm. in the iodine-complex solutions. Thus the 
inducing capacities of the iodine-complex and the elemental iodine solutions are 
seemingly similarly affected by a change in hydrogen ion concentration from 
pH 5.2 to pH 6.8. 
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IV. DISCUSSION 


The results which have been obtained in this investigation seem to present a 
rather complex situation the solution of which cannot yet be said to be com- 
plete. Nevertheless, certain facts have been ascertained which add to our 
knowledge of the factors involved in the problem under investigation and 
which will undoubtedly be of importance in the final solution of the matter. 

Rosen’s finding, that the induction of metamorphosis by means of thyroxin 
dissolved in the environmental solution is influenced by the hydrogen ion 
concentration of the solution, has been definitely confirmed. With the same 
thyroxin concentration, animals kept in solutions of higher acidity show a 
greater response than do those kept in solutions of lower acidity. Thus as 
Rosen pointed out, acidity accelerates and alkalinity retards the metamorphos- 
ing action of thyroxin. 

Several hypotheses can be advanced to explain these results. The potency 
of thyroxin itself may conceivably be affected by a change in hydrogen ion 
concentration, so that it would be more effective in acid solutions. However, 
our experiments with injected thyroxin (Section A) seem to make such an ex- 
planation untenable, for hydrogen ion concentration does not affect the in- 
ducing power of thyroxin when the thyroxin is injected into the animal. This 
being so one must conclude that the hydrogen ion concentration of the en- 
vironment does not act directly upon the thyroxin molecule itself, decreasing 
its effectiveness as an inducing agent, but that instead the hydrogen ion con- 
centration of the environmental solution brings about in some way an effect 
on the availability of dissolved thyroxin to the animal. We know that this 
cannot be due to a solubility effect because thyroxin, being more soluble in 
alkaline solutions than in acid solutions would hardly be expected to supply 
more th)n:oxin to the tadpole in acid solution. Possibly the effect could be 
one which acts upon the integument of the animal in such a way that the per- 
meability of the skin to thyroxin is greater at high hydrogen ion concentratioiw 
than at low. We have not investigated this possibility, but feel that the 
results of our experiments with the effects of hydrogen ion concentration upon 
the respiratory metabolism of the tadpole strongly indicate the method by 
which die tadpole is furnished more thyroxin from a more acid envnonment. 

The water of the environment furnishes the source of water and salts to 
the tadpole. Since the animal does not drink water dissolved 
the animal through the integument and the gills and the amount of 

absorption might be expected to be dependent on present 

enters the animal as weU as on the amount of dissolved thyroxin The Pr^^t 

Mdu«d »te of metdxdto to result io . reduced mtuke. llus, m Kid .» 
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vironments the tadpole takes up dissolved thyroxin more rapidly than it does 
in alkah'ne environments. Under these conditions, a more rapid growth of 
the hind limbs would be expected in tadpoles living in acid solutions than would 
be expected in those living in more alkaline environments. 

Iodine-induced development is quite different from thyroxin-induced de- 
velopment and would seem to be more difficult to interpret. In thyroxin 
induced development, as we have seen, there appears to be no effect of hydrogen 
ion concentration upon the molecule itself. However, such an effect does seem 
to occur in iodine-induced development and it is this chemical effect which is 
of prime importance here. The existence of a chemical effect is demonstrated 
by experiments in which the effects of hydrogen ion concentration on induced 
growth are the same regardless of whether the iodine is injected into the animal 
or enters from the environment. In other words, in this case it is not a question 
of how much iodine enters the animal, but at the hydrogen in concentration 
and consequently in what form. The efficiency of iodine as an inducing agent 
is at a maximum at about the neutral point. This is true whether the animal 
is injected with iodine at this hydrogen ion concentration or the environmental 
solution contains iodine at this hydrogen ion concentration. There is then a 
marked lowering of effectiveness as the hydrogen ion concentration is either 
increased or decreased from this point. 

Several experimental attempts have been made to ascertain what chemical 
substance or substances, produced by iodine at the neutral point may account 
for its effectiveness at this hydrogen ion concentration The idea was advanced 
that the effectiveness of iodine at the neutral point is due to the presence of 
some form or forms of iodine at this hydrogen ion concentration other than 
free iodine alone. We have reason to believe that free iodine of itself is not a 
powerful inducing agent, for increased acidification of an iodine solution results 
in increased quantities of free iodine but decreased growth. 

At different hydrogen ion concentrations, iodine solutions contain various 
quantities of iodide, iodate, and iodite as was evident from the several equa- 
tions presented in Section I. Iodate is absolutely ineffective as an inducing 
agent when used alone. Iodide has but a slight effect when used alone and 
iodite is presumably ineffective, for the effect of increasing the iodite concen- 
tration at the expense of free iodine is only to reduce the efficiency of the iodine 
solution as an inducing agent. 

It has been pointed out that free iodine reacts with iodide to form the iodine 
complex 17, and that an iodine solution contains a maximum concentration 
of 17 at precisely the same hydrogen ion concentration as that which affords 
maximum growth. £:q)erimentation indicated, however, that this is merely 
a coincidence, for solutions containing IJ are no more efficient in inducing 
growth when in acid solutions than are solutions of elemental iodine. 
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It is therefore not possible to say what it is which is produced at the neutral 
point which makes iodine an effective inducing agent at that hydrogen ion 
concentration. The results which have been obtained and the explanations 
given point the way for future experiments which must be performed before 
this aspect of the problem can be solved. 

A study of the effects of hydrogen ion concentration on normal development 
proved to be of interest. This effect paralleled the effect of hydrogen ion 
concentration on thyroxin-induced development. Acidity accelerates the 
development. This can be accounted for if ELodea, which is used in the feeding 
of the animals in their normal development, contains iodine organically bound 
and therefore, like thyroxin, may be unaffected by hydrogen ion concentration. 
The differential growth effect would then be attributable, as in the case of 
thyroxin-induced development, to the differential effect of hydrogen ion con- 
centration on the rate of metabolism of the animal. 

Throughout the different experiments it has been evident that there is a 
marlfpfl difference in the variability of response of the tadpoles. This is inter- 
esting enough to warrant further attention. The variability of response of 
the animals is seemingly dependent upon the strength of the environmental 
stimuli. Substances, like thyroxin, which are very potent inducing agents 
produce a less varied response than less potent substances like iodine or potas- 
sium iodide. And these latter, in turn produce a less varied response than that 
which is found in normal development. Substances which are responsible for 
a particular process then, such as the metamorphosis of the tedpole, bring 
about this process with less variability as the effectiveness of this substance is 
increased either by concentration or potency. A rigid environment, such as 
is obtained by the use of buffer solutions also makes for a less variable response 
of the animals. We saw this in the respiration experiment. Here, variability 
of response was much greater when animals were not kept in buffer solutions. 


V. 


SUBOfARY 

1. It has been shown quantitatively that the degree of response of the hind 
limbs of tadpoles to the action of thyroxin is dependent upon the lengths of 

the limbs at the beginning of treatment. , . r 

2. Both the potency of the inducing substance and the rate of i»netration of 
the substance into the animal might be involved in the effects of hydrogen ion 

concentration on induced development. , . . • 

3 Changes in hydrogen ion concentration affect the mducmg power o 
thyroxin and iodine differently. With thyroxin, it is the rate of ^nrtration 

of the molecule which determines the amount of ^ 

is the chemical form in which the substance has entered the animal which is 

of prime importance. 
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4. The hydrogen ion concentration of thyroxin solutions does not affect 
their potency when they are injected into tadpoles. 

5. Change in hydrogen ion concentration of the environment does not affect 
the potency of th)nroxin injected into tadpoles. 

6. When thyroxin is administered in the environmental solution its effects, 
as measured by increase in hind limb length are greater at higher than at 
lower hydrogen ion concentrations in the range tested. 

7. Since the potency of thyroxin is unaffected by change in hydrogen ion 
concentration when the thyroxin solution is injected, the above fact (point 6) 
seems explicable only on the basis of differences in the rate of penetration of 
thyroxin into the animals at the different hydrogen ion concentrations. 

8. These differences in penetration of the thyroxin at different hydrogen ion 
concentrations may be the result of a differential effect of hydrogen ion concen- 
tration upon the rate of metabolism of the animal. The metabolic rate is sig- 
niffcantly greater when the tadpoles are kept in solutions of higher hydrogen 
ion concentration than when they are kept in solutions of low hydrogen ion 
concentration. It is postulated that the rate of metabolism, since it controls 
the rate of intake of the environmental fluid and therefore of dissolved 
thyroxin, also controls the amount of thyroxin-induced development. 

9. Change in hydrogen ion concentration of iodine solutions affects their 
potency when injected into tadpoles. A peak of effectiveness is reached at 
about the neutral point, with a lowered efficiency as the hydrogen ion concen- 
tration is either increased or decreased from this point. 

10. Change in hydrogen ion concentration of the environment affects the 
potency of iodine injected into tadpoles. The effect is similar to that noted 
in point 9. 

11. The hydrogen ion concentration of the environment seems to affect the 
chemical nature of the iodine in solution in the environment. If this is so, 
it is possible that the differences in the metamorphic effects of iodine at different 
hydrogen ion concentrations are dependent upon the chemical form of iodine 
present. 

12. The effect of hydrogen ion concentration on normal development is 
similar to that on thyroxin-induced development; an effect on the rate of 
metabolism of the animal causes increased growth in more acid solutions. 
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CERTAIN ENZYMATIC ACTIVITIES OF NORMAL AND MOSAIC 
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We have described in a previous paj>er (Wynd) the disturbances in the respir- 
atory activities, as exhibited in the rates of oxygen use, which tobacco plants 
undergo during the course of general physiological changes following 
with the leaf mosaic virus. The present paper describes the changes 
in the activities of oxygenase, peroxidase, catalase, and invertase. 

The plants studied were the same individuals which furnished the data on the 
rates of oxygen use. The previous paper should be consulted for the details of 
the experimental arrangement. Briefly, Burley tobacco plants were transplanted 
from flats into small pots, and successively transferred to larger pots as growth pro- 
ceeded, until they were in 8 inch pots. When the plants had five well developed 
leaves, the two lower were removed and the lowest remaining leaf was then inoculated 
with a virulent juice pressed from the leaves of plants showing severe symptoms of 
the mosaic disease. This lower, inoculated leaf was designated as No. 1, and suc- 
cessively higher leaves numbered in sequence. As new leaves appeared and became 
large enough for study, they were designated numerically in the proper sequence. 

Three normal and three inoculated plants were moved to the laboratory for study 
at successive intervals of 2 or 3 days. After the excision of the discs for the observation 
of the respiratory rates described in the previous paper, the similarly numbered 
leaves were removed from the plants and finely ground with purified quartz sand in 
a porcelain motor and the juice extracted by squeezing the pulp through cheese- 
cloth. The data, therefore, are based in each instance on a composite sample of 
comparable leaves from three plants. 

The exigencies of the experimental procedure which especially demanded 
a great many separate procedures in duplicate to be carried out rapidly and 
simultaneously on aliquots of the expressed juiq^, ij|nfortunately eliminated 
the possibility of obtaining duplicate series of ueterminations on different 
groups of plants. Even though the juice represented a composite sample 
from three leaves of similar age and stage of development, there is alwa)^ the 
possibility that a single abnormal plant could give a fictitious value to the 
determination based on this sample. That this was not likely, however, is 
suggested by a comparison of all the curves which shows that the trends which 
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they exhibit are dependent on determinations made on successive days on 
separate groups of plants. And especially does this seem improbable when 
we notice the instances in which a period of maximum or minimum activity 
of an enzyme does not occur simultaneously in all the leaves of the plant. 
For example, the period of the second maximum in the activity of invertase 
described below occurs in all leaves but at a progressively earlier period in the 
younger leaves, and hence it could not be an error dependent on single plants 
reacting atypically. 

Data are presented as ratios of the activity of inoculated plants to that of 
the normal plants. The present study is not concerned with the physiology 
of the separate enzymes, and their activities are followed only as an index to 
physiological disturbances. Since this is the case, the ratio of the normal plants 
to that of the inoculated plants becomes the logical value basis for comparison. 
Further, daily changes in greenhouse conditions and in laboratory temperature 
lessen the significance of an absolute value of an enz 3 nnatic activity. 

Oxygenase and Peroxidase 

The earlier literature concerning the oxidizing enzymes frequently uses the 
term ‘‘oxidase” with a vaguely defined meaning. Strictly speaking, this term 
should be replaced by oxygenase and peroxidase. Oxygenase is to be con- 
sidered as the enzyme catalyzing the oxidation of certain polyphenolic sub- 
stances by molecular oxygen with the formation of quinones and peroxides. 
The magnitude of the reaction may be detected directly by measuring the 
volume of oxygen used by appropriate manometric means or indirectly by 
determining the amount of pigment developed by these quinones. Peroxidase 
is determined by determining gravimetrically or colorimetrically the amount 
of pigment developed from the colorless dye reagent in the presence of a few 
drops of hydrogen peroxide. The terms appearing in the earlier literature have 
been modified to conform with the above definition. 

Woods (1899, 1900, 1902) found that oxygenase and peroxidase were more active 
in the leaves of tobacco plants infected with the leaf mosaic disease than in the leaves 
of normal plants. He attached considerable importance to this condition because 
the mere injection of preparations of these enzymes produced symptoms of the disease 
under some conditions. He further observed that these enzymes had the power to 
inhibit diastase in vitro and concluded that this might be the mechanism of the effect 
of the increased oxidizing enzymes that accompanied the appearance of the disease 
or were injected artificially. 

Similar observations were made by Suzuki (1902 o) who reported that the mul- 
berry dwarf disease, a virus disease widely spread in Japan, accompanied an increase 
of 400 to 500 per cent in the activity of oxygenase and 200 to 500 per cent in the 
peroxidase. The above observations were made on leaves collected in the autumn 
but similar results (19026) were obtained with material collected during the spring. 
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Suzuki (1902 c) in a more detailed paper reported that this excess of the oTiHiMng 
enzymes was accompanied by a lower nitrogen content. Shibata (1903) also found 
greater oxygenase activity in mulberry leaves infected with virus. 

Virus-infected cabbage leaves were found to have more oxidizing power by Hassel* 
bring and Albsberg (1910) although these authors attributed this to a decrease in 
anti*K)xidase rather than to an increase in the oxidizing enzymes themselves. 

Pantanelli (1912) found that virus-infected grape leaves exhibited greater oxygenase 
and peroxidase activity and he believed that this stimulated activity caused an in- 
creased production of carbon dioxide. 

Bunzel (1912 a, b, and 1913 a, h) studied the curly top disease of the sugar beet and 
observed an increase of 200 to 300 per cent in the oxygenase activity. This increase 
was observed in plants which had been stunted in their growth by such agencies as 
excess watering, drought, and by various agencies of unknown nature. A later pub- 
lication by this author (1914) reported an extensive study of the oxidizing enzymes in 
healthy and curly dwarf potatoes. Normal plants showed a diminishing oxygenase 
activity during the 60 to 80 days of active growth, but an increased activity occurred 
during the normal cessation of growth. Possibly the same physiological factors 
cause this increase as operate during the slowing of growth due to disease. 

Chapman (1913) found an increased oxygenase and peroxidase in mosaic-infected 
leaves of tobacco and tomato and considered this to be a cause of the disease. Frei- 
berg (1917) also found an increased oxidizing activity but considered this to be the 
result rather than the cause of the disease. 

An increased oxygenase activity was found in virus-blighted spinach by Bunzell 
(1918). The leaf roll disease of potatoes was shown by Neger (1919) to be accompa- 
nied by increased oxygenase and peroxidase. 

In spite of the reports of the above authors an increased oxygenase and peroxidase 
activity has not been found always to accompany virus infection. For instance, 
Hunger as early as 1903 (1903, 1905) doubted if differences between healthy and 
mosaic tobacco were significent. Doby (1911 a, 6) found that both normal and 
healthy potato tubers showed very erratic oxidizing activities and finally decided that 
virus infection could not be detected by observing the action of these enzymes. 

The activities of oxygenase and peroxidase were determined in the present 
work by the method of Guthrie (1931). This author points out that the 
mixture of alpha-naphthol and paraphenylenediamine is oxidized far too 
rapidly for quantitative determination of oxygenase and peroxidase if the 
mixture is near neutrality, but if the reacting solution be buffered at pH 4.5, 
the rate of oxidation is sufficiently slow to allow accurate comparisons to be 
made. The acidity also inhibits catalase and prevents the interference of 
this enzyme. 

A stock solution of a citrate buffer at pH 3.5 was prepared by dissolving 21 gm. 
of citric acid in 170 cc. of In sodium hydroxide and diluting to 1 liter. This solution 
may be preserved for several days in the refrigerator. The reduced dye reagent 
used to detect the extent of the enzymatic oxidation was prepared fresh just before 



652 


ENZYMATIC ACTIVITIES OE TOBACCO PLANTS 


use. The substrate was prepared by adding 200 cc. of the citrate buffer to 200 cc. 
of water and then adding 1 gm. of paraphenylenediamine hydrochloride. To this 
solution were added 20 cc. of 4 per cent alpha-naphthol in 50 per cent ethyl alcohol. 
This was filtered and used immediately. There is almost no autoxidation of this 
substrate at the indicated pH. Aliquots of 50 cc. were added to a series of large test 
tubes. For the oxygenase test, 1 cc. of the expressed juice of the leaf tissue was 
added. For the peroxidase test, 0.3 cc. of juice and 0.2 cc. of commercial hydrogen 
peroxide were added. After standing, with occasional shaking, at room temperature 
for 10 to 20 minutes, the reaction was stopped by adding 5 cc. of 0.1 per cent potassium 
cyanide. Then 25 cc. of toluene were added, the tubes stoppered, and vigorously 
shaken until the toluene layer had extracted all of the color from the aqueous layer. 
The supernatant colored layer was poured into a tube, stoppered, and briskly centri- 
fuged for 2 or 3 minutes. The color of the toluene extract from leaves of inoculated 
plants was compared to that from corresponding normal leaves. 

The changes in the activity of oxygenase of the leaves from inoculated plants 
relative to that of corresponding leaves of normal plants are assembled in 
Table I and are graphically represented in Fig. 1. At the time that leaf 1 
was inoculated, only four well developed leaves were present on the plant. 
Each of these leaves exhibits a diminishing oxygenase activity, and reached a 
minimum on the 4th to the 6th day. The fifth leaf was large enough to be 
included in the observations on the 6th day and this leaf reached its minimum 
at the 10th to the 12th day. The sixth leaf was included in the study on the 
11th day and its minimum was reached on the 14th day. All leaves, therefore, 
are seen to go through a preliminary period of lessened oxygenase activity 
relative to normal leaves and the leaves appearing later on the plant show the 
lowest point of this activity on a progressively later date. Further, all leaves 
from the inoculated plants show a comparatively abrupt increase with a 
maximum at about the 14th day, and following this, the activity diminishes 
until it is below that of normal leaves in most cases. In general, these re- 
lationships are more pronounced in the lower leaves of the plant. 

The data reported in the previous paper (Wynd) show that these plants con- 
tained detectable amounts of the virus in all their leaves on about the 14th 
day which coincides approximately to the time of maximum oxygenase activity. 

The theory of Woods (1902) that the increased oxygenase activity interfered 
with normal metabolism of the leaf and thereby produced the visible symptoms 
of the disease is partially substantiated by the present date. A serious ob- 
jection, however, lies in the fact that the activity of the enzyme so quickly 
lessens once its maximum is reached, until it approaches, or falls below, that 
of normal plants. 

The changes in the activities of peroxidase are not so well marked as those of 
oxygenase and we have not observed increases of the same order of magnitude 
as have been reported by other workers. In all experiments, a vigorous peroxi- 
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TABLE I 

The Oxygenase Activities of the Leaves of Tobacco Plants Inoculated with Leaf Mosaic Vitus 
Expressed As Percentages of the Activity of Corresponding Leaves from Normal Plants 


Days after 
inoculation 

Leaf 1 

Leaf2 

Leaf3 

Leaf 4 

Leafs 

Leaf6 

2 

84 

137 

93 

116 





4 

77 

66 

81 


— 

— 

6 

49 

75 

91 



— 

8 

99 


95 


72 

— 

11 

167 

129 

143 

125 


125 

14 


250 




100 

16 

116 

125 

165 

86 

38 

125 

18 

111 

111 

125 

83 

167 

100 

21 

113 

116 

135 

83 

42 

113 






DAYS AFTER INOCULATION 


Fig. 1. The activities of oxygenase (solid line) and of peroxidase (dotted line) 
of virus-infected tobacco leaves relative to their activities in normal l^ves. 
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dase reaction was obtained which would eliminate the possibility that an error 
had occurred in preparing the reagents. 

An examination of the data in Table II and the graphs in Fig. 1 shows that 
only in leaves 1, 4, and 6 was there even a qualitative relation between the 
changes in peroxidase and oxygenase. In the later stages of the disease, there 
is a definite diminution in the activity of this enzyme in diseased leaves as 
compared with that in normal leaves of the same age. The author believes 
that recent developments in the chemistry of cellular oxidation show that these 
enzymes need not be correlated necessarily qualitatively or quantitatively. 
A discussion of these developments in cellular oxidation will be presented in 
a future paper. 


TABLE n 


The Peroxidase Activities of the leaves of Tobacco Plants Inoculated with Leaf Mosaic Virus 
Expressed as Percentages of the Activities of Corresponding Leaves from Normal Plants 


Days after 
inoculation 

Leaf 1 

Leaf 2 

Leaf 3 

Leaf4 

Leafs 

Leaf 6 

2 

127 

100 

100 

98 

— 

— 

4 

74 

100 

94 

98 

■— 

— 

6 

80 

100 

95 

100 

100 


8 

100 

95 

100 

100 

100 

100 

11 

143 

100 

100 

100 

100 

100 

14 

77 

108 

100 

120 

87 

91 

16 

100 

101 

100 

100 

100 

131 

18 

71 

79 

100 

83 

71 

80 

21 

69 

81 

100 

83 

78 

78 


Calalase 

Suzuki (1902 a) reported that an increased catalase activity accompanied 
the mulberry dwarf disease in Japan and he made the doubtful conclusion 
that this increase was physiologically effective in destroying the hydrogen 
peroxide that developed in the tissues as a result of the high rate of respiration. 
In a later study (1902 b), he was unable to detect any definite trend of the 
activity of this enzyme although the data vaguely indicated that a little greater 
catalase activity probably existed in the diseased leaves. Chapman (1913) 
found that catalase activity was greatly diminished in both tobacco and 
tomato leaves when they were infected with the mosaic virus. 

The comparative activities of the catalase from various leaves were determined 
in the present study by adding 1 cc. of the press juice to a mixture containing 25 cc. 
of water, 25 cc. of a phosphate buffer at pH 7.0, and 10 cc. of commercial 3 per cent 
hydrogen peroxide. The reaction proceeded for 1 hour, with constant agitation on a 
mechanical shaker. The reaction was stopped by adding 25 cc. of a 25 per cent 
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solution of sulfuric acid. The amount of hydrogen peroxide destroyed by the enzyme 
was determined by titrating the unused peroxide with 0.1 n potassium permanganate. 

The data are presented in Table III and Fig. 2. It is difficult to detect any 
definite trend in the changes in catalase activity. The method of determina- 
tion is capable of considerable accuracy and the apparently erratic values are 
not due to errors in the experimental procedure. The lower three leaves were 
well developed at the time that the lower leaf was inoculated. These leaves 
of the inoculated plants appear to have a catalase activity near that of normal 
leaves for the first few days, but by the 6th day, it surpasses that of the normal 
leaves. A new low is reached, however, after about 11 to 14 days. A small 
subsequent rise appears at about the 18th day. These three comparatively 
mature leaves thus appear to react similarly. 

TABLE m 


The Catalase Activities of the Leaves of Tobacco Plants Inoculated with Leaf Mosaic Virus 
Expressed as Percentages of the Activities of Corresponding Leaves from Normal Plants 


Days after 
inoculation 

Leaf 1 

Leaf2 

Leafs 

Leaf 4 

Leaf 5 

Leaf 6 

2 

69 

92 

86 

105 

— 

— 

4 

113 

97 

126 

127 

— 

— 

6 

105 

157 

135 

131 

76 

— 

8 

204 

315 

223 

67 

60 

47 

11 

210 

92 

154 

111 

81 

100 

14 

138 

216 

130 

96 

125 

92 

16 

105 

254 

131 

135 

140 

129 

18 

170 

198 

158 

169 

354 

146 

21 

160 

607 

149 

117 

124 

90 


The fourth leaf was very small at the time of inoculation and it is seen that 
this leaf, like leaves 5 and 6 which subsequently appeared, shows the lowest 
activity on about the 8th day, or about 10 days before the minimum appeared 
in the older leaves. It is especially interesting to notice that these three 
younger leaves show very similar curves of their catalase activity, differing 
only in that the earlier changes are omitted from the data since the leaves 
concerned were not yet large enough for study. This group of young leaves 
thus is seen to react similarly, and differ from the group of mature leaves 
chiefly in that the preliminary period of increased activity is very much smaller 
in magnitude (see leaf 4) and progressively disappears (see leaves 5 and 6), 
and also in the fact that the period of minimum activity appears about 10 
days earlier. 

It is difficult to attach a physiological significance to the sequence of changes 
that occur in the catalase activities of these leaves from inoculated plants. 
We can do no more than suggest that the period of minimum activity in the 
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three older leaves, which were present when leaf 1 was inoculated, appeared 
at about the time that they attained the ability to infect young plants with the 
virus, and that the younger leaves became infectious earlier, which again 




DAYS AFTER INOCULATION 

Fig. 2. The activity of catalase of virus-infected tobacco leaves relative to 
normal leaves. 

approximately corresponds to the time that a detectable amount of virus 
appears. 

In view of the sequence of changes in the catalase activity which follows 
infection of the tobacco plant, it appears that the apparently erratic values 
which Suzuki obtained for mulberry leaves also could have been due to differ- 
ences in leaf development or to the particular stage of the disease at the time 
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of observation. The reduced catalase activity reported by Chapman also 
appears to be dependent on the stage which his plants had attained. 

A comparison of the changes in the catalase activities with those of respira- 
tion rates previously reported (Wynd) shows that the TnRYiTnnnri rate of oxygen 
use occurred at about the 4th to the 6th day when the catalase was at its 
minimum. Consequently Suzuki’s belief that the increase in catalase was 
physiologically significant because it destroyed the excess of hydrogen peroxide 
produced by the augmented respiration seems very improbable. 

Invertase 

The author has been able to find but a single reference in the literature con- 
cerning the invertase activity of plants infected with a virus. This is partic- 
ularly strange in view of the large amount of attention that has been given to 
the carbohydrate metabolism of plants affected with these diseases. Schaffnit 
and Ludtke (1930) were unable to detect a definite change in the invertase 
activity of tobacco plants infected with mosaic. 

The activity of the invertase in the juice prepared from the tobacco leaves as 
described above was determined by adding 1 cc. of the juice to 50 cc. of a 10 per cent 
sucrose solution and incubating at 37° C. for 72 hours. Bacterial action was pre- 
vented by adding 2 cc. of toluene to each flask. The flasks were stoppered to pre- 
vent the loss of the toluene during the period of incubation. Aliquots of 10 cc. of 
the incubated mixture were added to 50 cc. of Fehling’s solution and brought to 
boiling in 3 minutes. After boiling for 2 minutes, the mixture was quickly filtered. 
The residue was dissolved on the filter by washing with 50 cc. of Bertrand’s reagent 
consisting of 20 per cent sulfuric acid saturated with ferric sulfate. The amount of 
iron reduced by the cuprous oxide was titrated with 0.1 n potassium permanganate. 
Determinations were run on the amount of reduction brought about by aliquots of 
fresh juice and also on the amount of sugar hydrolysis that occurred during the 
period of incubation in the absence of the enzyme and the appropriate corrections 
applied. 

The data are assembled in Table IV and are presented graphically in Fig. 3. 
It is evident that the lower three leaves, all of which were well developed when 
the lowest leaf was inoculated, reacted similarly. There was a preliminary 
rise in the invertase activity which reached a m a xim u m on about the 4th day 
after leaf 1 had been inoculated. This was soon followed by a depressed 
activity, which reached a minimum on about the 8th day. This was followed 
by a second rise in invertase activity which reached a maximum at about 
the 14th to the 16th day. It is seen that the magnitude of this second maximum 
becomes progressively less in the leaves higher on the stem. It was at this 
time that these leaves attained the power to infect young tobacco plants. 
Leaf 1 naturally was infectious from the first, since it had received the original 
inoculation. It does not follow, however, that leaf 1 had develop)ed new virus 
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TABLE IV 


The Invertase Activities of the Leaves of Tobacco Plants Inoculated with Leaf Mosaic Virus 
Expressed as Percentages of the Activities of Corresponding Leaves from Normal Plants 


Days after 
inoculation 

Leafl 

Leaf 2 

Leaf 3 

Leaf 4 

Leaf 5 

Leaf6 

2 

— 

103 

100 

90 

— 

— 

4 


130 

118 

122 

— 

— 

6 

■B 

105 

106 

85 

91 

— 

8 


72 

77 

92 

100 

109 

11 

105 

143 

110 

106 

103 

117 

14 


91 

109 

98 

98 

92 

16 


145 

94 

72 

75 

65 

18 


143 

78 

81 

74 

91 

21 


89 

109 

94 

95 

91 




DAYS AFTER 



2 4 6 6 10 12 14 16 16 20 22 


INOCULATION 


Fig. 3. The activity of invertase of mosaic-infected tobacco leaves relative 
to normal leaves. 


before this time since a remainder of the original moculated material could 
have infected the test plants. Following the second maximum, there was a 
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decrease until the activity of invertase approached or became less than that 
of the normal plants. 

When the lowest leaf was inoculated, the fourth leaf was very small and 
leaves 5 and 6 were rudiments only, and it may be seen that these three 
younger leaves react similarly. Like the older group of leaves, leaf 4 exhibits 
a preliminary maximum on about the 4th day, which was followed by a mini- 
mum at about the 6th to the 8th day. Leaves 5 and 6 were not large enough 
to be studied until the 6th and 8th day respectively, and consequently the 
period of the first maximum and minimum were lost, but the trend of their 
curves in each case seems to indicate a recovery from a minimum occurring 
as in the older leaves, probably on about the 6th to the 8th day. A rise to a 
second maximum occurs in each of the younger leaves as was also true of the 
older leaves but the magnitude of this maximum was much less and occurred 
on about the 10th to the 12th day which was about 6 days earlier than in the 
older leaves. This second maximum was followed by a second period of 
depressed invertase activity, as in the older leaves, but differing in that the 
minimum was considerably lower and occurred about 6 days earlier. When 
the oldest leaf was at the period of its second maximum, on about the 16th 
day, the younger leaves had already passed this period and were in the period 
of their second minimum. A comparison of all the curves in Fig. 3 shows that 
the period of the second maximum appears progressively earlier in the younger 
leaves. For instance, leaf 1, the oldest leaf, reached this stage on about the 
16th day, the second leaf about the 14th, the third about the 13th, and the 
fourth and all younger leaves on about the 11th day. A further significant 
difference occurs in the younger leaves. The second minimum is followed by 
an upward approach to a normal invertase activity. Since the observations 
continued for only 21 days, it is not known whetlier the older leaves might 
also exhibit this recovery at some later time. 

SUMMARY 

The lower leaves of tobacco plants were inoculated with leaf mosaic virus 
and the activities of oxygenase, peroxidase, catalase, and invertase were 
followed in leaves of comparable age at intervals of 2 or 3 days over a period 
of 21 days. 

The inoculated leaves exhibited a great decrease relative to normal tissue in 
the activity of oxygenase and peroxidase on the 6th day. Younger leaves 
showed this minimum at a progressively later date. A great decrease in the 
activities of these enzymes was attained by the 14th to the 18th day. This 
maximum was followed by a decrease. 

Catalase exhibited an increased activity which reached a maximum at about 
the 8th day. A second maximum was observed on the 16th to the 18th day. 
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Invertase reached a minimum, relative to normal plants, on about the 8th 
day. A second minimum was approached on the 16th to the 18th day. 

These data show that profound disturbances in the physiology of infected 
plants occur many days before the leaf juice attains an infectious concentra- 
tion of virus. The observed activities could not be due therefore to metabolic 
activities of the virus particles themselves. 

Since infectivity is attained only after a period of profound physiological 
disturbance, it seems possible that the virus protein develops as a product of 
abnormal metabolism. 
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A SIMPLIFIED DIFFERENTIAL MICRORESPIROMETER* 
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INTRODUCTION 

Cunningham and Kirk (1) described a differential microrespirometer con- 
structed of metal, which had a number of advantages over previously described 
instruments. Most important of these was .its freedom from the necessity of 
maintaining a constant temperature by means of a thermostat. In addition, 
it was highly sensitive (depending on the capillary diameter, down to iO.OOlX 
reading accuracy); it permitted the use of any desired gas mixture; it allowed 
mixing of solutions during a run; and it could be adapted to numerous types 
of biological material. Its most important deficiency was the difficulty of 
construction to render it gas tight. Because of the large amount of labor 
necessary, the cost of multiple units became relatively high. 

The recently described respirometer of Tyler and Berg (2) also avoids the 
necessity of maintaining a constant temperature. It is subject to errors due 
to uneven heating of its two gas spaces and its construction from glass does not 
facilitate rapid equilibration of these spaces when unsymmetrical temperature 
changes occur. It is customarily operated in a water bath for this reason and 
to keep the organism at a known temperature. Only when the latter pre- 
caution is necessary, is there any reason for keeping the metal differential 
instrument in a constant temperature bath. 

In order to simplify the construction and reduce the cost to a point which 
was practical for routine and class use, the instrument described here was 
developed as a modification of the original instrument of Cunningham and 
Kirk. It offers nearly all of the advantages of the original instrument com- 
bined with simple, inexpensive construction and greater adaptability to mul- 
tiple determinations. 


Description 

The respirometer consisted of a rectangular metal block containing two 
identical chambers, covered with a head plate of the plastic, lucite (or metal), 
on top of which was placed a capillary carrying an index droplet of kerosene. 

* Aided by grants from The Rockefeller Foundation and the Research Board of 
the University of California. 
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The apparatus was held together by means of a strip of channel brass on top 
of the capillary, the strip being attached by means of screws to the block. 
Seals were effected throughout by means of stopcock grease and rubber washers. 

A detafled construction diagram is shown in Fig. 1. The main block, A, 
was constructed from a 3 inch length of rectangular brass, 1 1/4 x 3/4 inches. 
One narrow face was machined to form a rim around each of two chambers, 



Fig. 1. Construction diagram of differential microrespirometer. 


which were drilled symmetrically 1 5/16 inches apart and 3/8 mch in diameter. 
At each end of the block was inserted a threaded bolt which served to fasten 
the apparatus together. On the block was fitted a head plate B, of the same 
dimensions as the top of the block and consisting of a flat pie ce of Incite, 
1/8 inch thick (or a similar brass piece), drilled to slide over the end bolts and 
with a 1 mm. hole drilled over each chamber center. Head plates ingde of 
Incite had the advantages over metal plates of allowing observation of th e 
organism during a run, and of a direct check on the continuity of the grease 
seal to the chamber block. 
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Above the head plate was placed a glass capillary tube D, prepared as 
follows: A capillary tube of appropriate and uniform diameter (0.1 to 1.0 mm.) 
and 13/4 inches in length was flattened on one side by grinding to a width of 
1/8 to S/16 inch. The surface was polished somewhat to remove frosting, by 
means of a smooth stone. Two holes were drilled through the flat side to 
connect with the capillary bore and separated by the distance between the 
chamber centers, 1 5/16 inches. A blunt 27 gauge syringe needle was used 
with grinding compound to drill these holes. To insure a tight fit of the 
capillary to the head plate, two small rubber gaskets C, were used, each of thpm 
perforated by a short length of 27 gauge hypodermic needle. The cap illar y 
was carefully cleaned with chromic acid mixture to insure smooth movement 
of the index droplet. The ends of the capillary were stoppered with small 
plugs of paraffin which were pushed into place and sealed by mild warming. 

The head plate and capillary were held tightly to the chamber block by 
means of a piece of channel brass strip E, drilled to slip over the threaded bolts 
attached to the block. The bottom of the channel brass was slotted over the 
entire length of the capillary D, so as to press only on the sides of the latter. 
The strip E was fastened down by two thin knurled nuts F, which served to 
tighten the connections of all the parts to give gas-tight seals. In clamping 
down the piece E, the screws had to be slowly and evenly tightened to prevent 
forcing the index droplet into the syringe needle cormections. The position 
of the droplet was finally adjusted by slightly altering the tension of the thumb- 
screws, after which they were not disturbed for the duration of the meas- 
urements. 

A scale cut from graph paper was placed under the center part of the capil- 
lary under the slotted portion of the channel brass piece, through which the 
movement of the index droplet could be read. The sealed surfaces were in 
all cases coated with stopcock grease applied with a small hypodermic syringe. 
These included the raised rim around the tops of the chambers, and both sides 
of the rubber gaskets used to seal the connections of the capillary to the 
head plate. 

Alterations in the size of chambers were made by filling them to any desired 
height with paraffin or wax. The top surface of the material used was 
amnntbpH and adjusted approximately by use of a flat end of a metal rod of 
slightly gmnllpr diameter than the chambers. It was necessary to fill each of 
the chambers to approximately the same height to obtain proper differential 
compensation. The actual volumes of the chambers after adjustment were 
in all cases determined by calibration with mercury, after greasing the metal 
to prevent amalgamation. Inside each chamber was placed a disk of Incite 
which carried a depression to hold the organism being studied and one for a 
droplet of caustic solution used to absorb the carbon dioxide produced by the 
organism. The volumes of these disks were also determined and ujed to cor- 
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rect the calibrated free space of the chambers. Small known differences in 
the free chamber volumes were used as corrections in making final calculations 
of the respiratory rate. 

In use, the chambers were charged in exactly the same manner except for 
the presence of the organism in one, thus equalizing ail effects except that 
being measured; viz.y the rate of utilization of oxygen. 

The index droplet of kerosene, prepared as previously described (1), was 
placed in the capillary as follows: The tube was removed and turned upside 
down. A drop of kerosene was introduced into one of the drilled holes with a 
syringe needle. The excess was then removed by inserting the end of a hard- 
wood toothpick which served to suck up the kerosene slowly enough that rapid 
removal of the wood would leave any desired amount behind. This droplet 
was forced to the proper end of the scale and the capillary clamped in place. 

After assembly of the apparatus, it could be tested for leaks by merely 
warming one end with the hand, which promptly forced the index droplet 
along the capillary. On removal of the hand, the droplet would soon return 
to the original reading if no leaks were present. No drifting of the droplet 
occurred when the apparatus was placed on a laboratory table for an indefinite 
time, exposed only to the normal temperature variations of the room. 

A low power stereoscopic magnifier was found useful in reading the movement 
of the index droplet, since it made possible the easy determination of the menis- 
cus position to 0.1 mm. 

When the instrument was opened after a series of measurements, the kerosene 
index droplet frequently was lost into the hypodermic needle connections. It 
was removed by holding the opening of the head plate to a vacuum line. This 
also had the effect of keeping these fine openings free of obstruction. 

EXPERIMENTAL 

In order to test the operation of the respirometer described, the respiratory 
rates of numerous single pupae of Drosophila melanogaster were measured. 
The curves showing the oxygen consumption over a period up to l.S hours of 
three representative organisms. A, B, and C are given in Fig. 2. The details 
of these determinations are as follows: size of respiratory chamber, 189X; 
Incite cup, 64X; sodium hydroxide solution, 5X; volume of air, 120X; size of 
compensating chamber, 234X; Incite cup, 57X; sodium hydroxide solution, 
5X; volume of air, 172X; diameter of capillary, 0.22 mm.; cross-section area, 
0.037 mm.^ It is seen that the respiratory rate is a straight line function 
of time, the deviation of individual readings rarely being as great as O.OIX. 

It appeared that an excellent criterion of reproducibility of results would be 
to open the respirometer after a reading, reseal it, and take further readings 
alternating with opening of the instrument. Any systematic error involved 
in the use of the instrument should be perceived in such a study. This was 
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Fig. 2. The oxygen consumption of single Drosophila pupae. 


TABLE I 

Oxygen Consumption of Drosophila Pupae 
Repeated measurements on the same pupa. 


Pupa No. 

Observation No. 

Respiratory 

period 

Oxygen 

consumed 

X 

Rate X/min. 



min. 



1 

1 

15 

0.195 

0.0130 


2 

19 

0.252 

0.0132 


3 

15 

0.195 

0.0130 


4 

26 

0.334 

0.0129 


5 

15 

0.202 

0.0134 


6 

25 

0.348 

0.0138 


7 

15 

0.202 

0.0134 




Mean 0.0132 db 0.0006 

2 

1 

15 

0.248 

0.0164 


2 

15 

0.24S 

0.0164 


3 

15 

0.240 

0.0160 


4 

16 

0.266 

0.0165 


5 

25 

0.443 

0.0177 


6 

15 

0.284 

0.0185 




Mean 0.0169 0.0016 

3 

1 

35 

0.615 

0.0177 


2 

10 

0.175 

0.0174 


3 

24 

0.410 

0.0170 




Mean 0.0174 db 0.0004 

4 

1 

28 

0.605 

0.0216 


2 

20 

0.435 

0.0218 




Mean 0.0217 db 0.0001 

5 

1 

76 

1.100 

0.0145. 


2 

16 

0.252 

0.0157 




Mean 0.0217 db 0.0001 

6 

1 

58 

0.860 

0.0148 


2 

12 

0.164 

0.0137 




Mean 0.0143 ± 0.0006 
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accordingly performed using six separate pupae, and making as high as seven 
determinations on a single organism, each of which was made after opening 
and resealing the apparatus. The data are given in Table 1. Time intervals 
from 10 to 76 minutes were used to prevent standardization of error. The 
maximum observed deviation from mean was with pupa 2, which amounted 
to db0.0016X/minute. The mean deviation from mean of all organisms meas- 
ured was 0.0004X/minute or an average of 2.4 per cent. 

In obtaining the above data, all pupae used were observed later to see that 
they emerged. Two such organisms which showed a very low respiratory 
rate failed to emerge and the data were discarded. No effort was made to 
select pupae of the same size or age in this study. 

In comparison with the original respirometer from which this was modified, 
it is apparent that the accuracy and reproducibility are not diminished. No 
arrangement for introduction of special gas mixtures is included in the design. 
It was possible to introduce such mixtures by partially disassembling the appa- 
ratus and quickly closing it afterward. It was found definitely easier to operate 
than the original apparatus, due to its easy assembly. In spite of the lowered 
metal content of the chamber block and its lack of complete symmetry, it was 
not affected by temperature change in a manner which should ever cause 
difficulty in normal circumstances. Its shape permitted simultaneous use of a 
number of instruments placed side by side, each of them assisting in main- 
taining constancy of temperature in the others by increasing the mass of metal. 
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CORRECTION 

On page 333, Vol. 25, No. 3, January 20, 1942, the cuts for Figs. 1 and 3 should 
be interchanged. The legends should remain where they now appear. 




THE ACTIVATION OF PAPAIN TRYPSINASE AS A FUNCTION OF 
THE NATURE OF THE ACTIVATOR 

By GEORGE W. IRVING, Jk., JOSEPH S. FRUTON, and MAX BERGMANN 
(From the Laboratories of The Rockefeller Institute for Medical Research) 

(Received for publication, February 7, 1942) 

Papain contains a cysteine-activatable proteinase that hydrolyzes benzoyl- 
/-arginineamide (1). This enzyme has been shown to have a specificity similar 
to that of crystalline pancreatic trypsin (2) and therefore has been designated 
papain trypsinase (3). 

Previous experiments have shown that papain trypsinase exists in two inac- 
tive forms which can be designated papain-a-trypsinase and papain-jS-tryp- 
sinase (4). Only the jS-trypsinase can be activated by HCN. However, 
a-tr 3 ^sinase can be transformed into the jS-form by minute amounts of sulf- 
hydryl compounds such as H 2 S or cysteine. The activation of the jS-form by 
an excess of HCN or HaS is completely reversed when the activator is removed 
in vacuo. These results have been interpreted to indicate that the reversible 
activation of papain-j3-tr3^sinase consists in the formation of dissociable ac- 
tivator-jS-trypsinase compounds, as represented below. 

(a) /3-Trypsinase + HiS HjS-/3~trypsiiiase compound 
(inactive) (active) 

(h) /3-Trypsinase + HCN ;=i HCN-jS-trypsinase compound 
(inactive) (active) 

It is the purpose of this communication to present additional evidence that 
the activator-tr)^sinase compounds obtained with a variety of activators rep- 
resent different enzymatic entities the proteolytic properties of which depend 
upon the nature of the activator employed. 

The Simultaneous Action of Two Activators.— These experiments were per- 
formed with a papain preparation obtained from crude papaya latex by H 2 S 
treatment followed by methanol precipitation and thorough dialysis as de- 
scribed in (4). In all of the experiments to be reported in this paper, the entire 
activation and hydrolytic procedures were carried out in an atmosphere of 
nitrogen using the apparatus and technique described in the experimental 
section. 

A sample of the dialyzed papain when activated by treatment with cysteine 
(0.(X)2 mM per cc.), possessed a proteolytic coefficient^ towards benzoylarginine- 
amide (Cbaa) of 0.16 (Table I). The fact that this coefficient represents maxi- 

^The proteolytic coefficient is defined in (1). 
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mum activation is indicated by the observation that a tenfold amount of 
cysteine produced essentially the same coeflBicient. With HaS as activator, a 
coefficient of 0.07 was obtained. In still another experiment, papain was 
treated simultaneously with cysteine and HaS, and the ratio of the concentra- 
tions of HaS and of cysteine was 10:1; here Cbaa was found to be 0.10, a value 
which lies between the coefficients for cysteine alone and HaS alone. Subse- 
quently, the HaS was removed from the activated enzyme solution by evacua- 
tion under anaerobic conditions. The remaining solution, which still contained 
cysteine, but no HaS gave a Cbaa of 0.16. This value is identical with that 


TABLE I 

Simultaneous Action of Cysteine and and of Cysteine and ECN on Papain 
Substrate, benzoylarginineamide Temperature, 40°; pH 5.1 to 5.2 


Papain concen- 
tration in teat 
solution 

Activator in teat solution 

Kbaa* 

C»aa* 

mg. PJf. per cc. 

0.0264 

inir Per ee. 

(fl) Cysteine (0.002) 

0.0039 

0.15 

0.0132 

{b) Cysteine (0.020) 

0.0021 

0.16 

0.0264 

(«) HjS (0.020)t 

0.0018 

0.07 

0.0264 

(d) Cysteine (0.002) + HjS (0.020)t 

0.0026 

0.10 

0.0264 

(e) (d) Evacuated to remove HjS 

0.0041 

0.16 

0.0264 

if) («) + HiS (0.020)t 


0.11 

0.0264 

(g) Cysteine (0.005) + HjS (0.020)t 

0.0036 

0.14 

0.0264 

(A) (g) Evacuated to remove HsS 

0.0045 

0.17 

0.0264 

(♦) HCN(0.020)t 

0.0019 

0.07 

0.0264 

O') Cysteine (0.00004) + HCN (0.020)t 

0.0030 

0.11 

0.0264 

(A) Cysteine (0.00008) + HCN (0.020)t 

0.0031 

0.12 

0.0264 

(/) Cysteine (0.002) + HCN (0.020)t 

0.0044 

0.17 

1 


* For definition of these terms, see (1). 
t Incubated for 2 hours at 40° ^fore addition of substrate. 


obtained when cysteine alone was employed as activator. Upon addition of 
HaS to the evacuated enzyme solution, the proteolytic coefficient for the 
hydrolysis of benzoylarginineamide dropped to 0.11. 

The results, tabulated in Table I, demonstrate a seemingly paradoxical 
phenomenon in that, under these experimental conditions, the activity of 
papain jS-trypsinase is increased by removing an activator and decreases upon 
addition of an activator. These results may be explained readily on the basis 
of the mechanism of activation as represented in the reactions (a) and (b). 
When papain |3-trypsinase is treated with an excess of cysteine, the dissociable 
compound <ysteine-)8-trypsinase is formed which possesses a Cbaa of 0.15-0.16. 
Similarly, H 2 S treatment of papain-j3-trypsinase results in the formation of 
HiS-jS-trypsinase which has a Cbaa of 0.07. When both activators are present, 
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a portion of the trypsinase will combine with H2S and the remainder will com- 
bine with cysteine. The concentrations of HjS-jS-trypsinase and of cysteine-j8- 
trypsinase will depend upon their dissociation constants and upon the relative 
amounts of jS-trypsinase, H2S, and cysteine present. Thus, when the H2S 
concentration is ten times that of cysteine, it should be expected that H2S-j3- 
tr3rpsinase should be formed at the expense of cysteine-j8-trypsinase and that 
the coefficient for the hydrolysis of benzoylarginineamide should be lower than 
the maximum value for the cysteine-j 3 -trypsinase and higher than the maximum 
value for the H2S-i8-trypsinase. 

^ o fcysteine-/3-tr3rpsinase'| “H»S 

/3-Trypsinase + cysteine + HjS V L cysteme-/3-trypsinase 

HaS-jS-trypsinase J 4*1128 

(Cbaa - 0.10 - 0.11) (Cbaa - 0.16) 

Removal of H2S from the mixture of the two enzymes completely dissociates 
the H2S-i8-trypsinase, leaving cysteine-j8-trypsinase as the only enzyme. How- 
ever, subsequent addition of sufficient H2S to reestablish the 10:1 ratio of 
H2S: cysteine, brings about partial dissociation of the cysteine-j8-trypsinase 
and re-synthesis of the H2S-|3-trypsinase. 

It would be predicted also, that a smaller difference in the concentrations of 
H2S and cysteine, when used together to activate the jS-trypsinase, would result 
in the formation of a mixture of enzymes whose coefficient would be nearer that 
of cysteine-]8-trypsinase. This is borne out by data included in Table I where 
it is seen that the mixture of active compounds formed by activating jS-tryp- 
sinase with H2S and cysteine in the ratio 4 : 1 , possesses a coefficient of 0 . 14 . 
As before, removal of the H2S in vacuo results in an increase in activity to a 
value closely approximating that found for cysteine jS-trypsinase. 

Furthermore, it may be concluded from the results of Table I that both H2S 
and cysteine activate the same enzymatic component of papain. If H2S were 
activating one component of papain and cysteine another to give two active 
j8-trypsinases both capable of hydrolyzing benzoylarginineamide, then the 
simultaneous use of both activators in excess should produce a proteolytic 
coefficient equivalent to the sum of the maximum coefficients obtained with 
H2S alone and cysteine alone. This is not found to be the case. 

Similarly, it may be concluded that HCN and cysteine activate the same 
enz3rmatic component of papain. It will be recalled that only the / 3 -trypsinase 
is activated by HCN. The low Cbaa value obtained after activation of the 
papain preparation with HCN (Table I) indicates that much of the trypsinase 
is in the inactivatable a-form. However, a cysteine concentration of 4 X 
mM per cc. of test solution is sufficient to bring about complete transformation 
of CK-trypsinase to the jS-form, thus making it possible to obtain the maximum 
proteolytic coefficient for HCN-jS-trypsinase (Cbaa = 0.11-0.12). It is ap- 
parent that when cjrsteine and HCN are used simultaneously and in excess to 
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activate the tiypsinase, the Cbaa value (0.17) obtained is significantly less than 
the sum of the Cbaa values (0.26) for the cysteine-j8-trypsinase and HCN-j8- 
tr3^sinase. 

The Proteolytic Coefficient As a Function of the Nature of the Activator , — ^The 
experiments described in this section were performed with a papain fraction 
(“Papain B” of (1)) obtained by a procedure similar to that described by Balls 
and Lineweaver for their ciystalline papain (5). Since this papain fraction 
was found to hydrolyze benzoylarginineamide in the presence of either H 2 S or 
cysteine considerably faster than the papain used in the experiments of Table 
I, it may be regarded as a more concentrated preparation of papain trypsinase. 
Consequently, this preparation was chosen for the comparison of the Cbaa 
values in the presence of four different activators, namely: H 2 S, cysteine, 
glutathione, and HCN. 

The enzyme preparation was thoroughly dialyzed against distilled water 
before use. In the highest concentrations applied in these experiments, the 
dialyzed enzyme preparation contained insufficient natural activator to cause 
any appreciable hydrolysis of benzoylarginineamide (Cbaa = 0.00). Further- 
more, the preparation contained most of the trypsinase in the a-form as is 
apparent from the relatively low proteolytic coefficient obtained by the use of 
HCN as the activator (Cbaa = 0.07). For the determination of the maximum 
proteolytic coefficients with the sulfhydryl activators, the presence of a- 
trypsinase was of no consequence since traces of each of these activators are 
capable of transforming a-tiypsinase to the j8-form. In the determination of 
the maximum proteolytic coefficient with HCN, sufficient cysteine (4 X 10“* 
mM per cc.) was employed to ensure complete transformation of a-trypsinase 
to thejS-form. 

The comparative activities of the activator-trypsinase compounds are pre- 
sented in Table II. Each of the activators was shown to be present in sufficient 
excess to bring about maximum activity, since in each case doubling the ac- 
tivator concentration failed to increase the rate of hydrolysis. For each of the 
activators the velocity constants obtained were found to be directly propor- 
tional to the enzyme concentration. 

The results show that the proteolytic coefficients obtained for papain tr 3 q>- 
sinase are dependent upon the nature of the activator employed. Under the 
conditions of maximum activity the HCN-activated trypsinase hydrolyzes the 
substrate at more than twice, and the cysteine- or glutathione-activated tr 3 rp- 
sinase at more than three times the rate found for the H 2 S-activated trypsinase. 
In effect, therefore, the compounds of trypsinase with different activators be- 
have as different enzymatic entities. 

Cysteine-papain trypsinase also hydrolyzes benzoyl-Wysineamide (2). Ex- 
periments are in progress to determine whether the ratio Cbaa/Cbla for the 
various activator-jS-trypsinase compounds is the same; f.e., whether these com- 
pounds may be regarded as homospecific enzymes (3). 



TABLE II 

Action of Several Activators on Papain 


Substrate, benzoylarginineamide Temperature, 40**; pH 5.0 to 5.3 


Activator 

Papain Concen- 
tration in test 
solution 

Activator concentration 
mif per cc. of test solution 

Average 

^BAA 

0.020 

0.040 



Kba* 

^BAA 

Kbaa 

Cbaa 


HsS* 

mt. P.N. per cc. 

0.0105 

0.0013 

0.0012 

0.0014 

0.12 

— 

— 



0.0158 

0.0019 

0.0023 

0.0020 

0.0023 

0.13 

— 

— 

0.12 


0.0210 

0.0025 

0.0024 

0.0027 

0.12 

0.0023 

0.0023 

0.0027 

0.12 


Cysteine 

0.0063 

0.0022 

0.0024 

0.0024 

0.37 

— 




0.0085 

0.0035 

0.0035 

0.0035 

0.41 

— 


0.38 


0.0105 

0.0037 

0.0041 

0.0042 

0.38 

0.0039 

0.0038 

0.0041 

0.37 


Glutathione 

0.0063 

0.0026 

0.0023 

0.0024 

0.38 

— 

— 



0.0105 

0.0038 

0.0039 

0.0043 

0.38 

0.0040 

0.0036 

0.0039 

0.36 

0.37 

HCN*t 

0.0053 

0.0017 

0.0016 

0.0018 

B 

— 

— 



0.0084 

— 

■ 

0.0023 

0.0023 

0.27 

0.30 


0.0105 

0.0028 

0.0031 

0.0033 

B 

— 

— 



* Incubated for 2 hours at 40** before addition of substrate, 
t In this series the test solution also contained 4 X 10^ mM cysteine per cc. 


673 






















674 


ACnVAIION OP PAPAIN TRYPSINASE 


EXPERIMENTAL 

Apparatus . — ^The appaiatus used for carrying out enzymatic experiments in nitro- 
gen is shown diagranunatically in Fig. 1. The apparatus is constructed of P3n:ex glass 
and standard interchangeable ground glass joints and stopcocks. 

A description of the procedure used in the experiments on cysteine activation (Table 
II) will be given to illustrate the technique. 

A slow stream of nitrogen, purified by passing the gas over hot reduced copper, 
enters the apparatus as shown at the left of the diagram. The glass tubing to vessels 



W and 5 is flushed out with nitrogen and the stopcocks K and L are closed. Flask 
W (500 cc.), is filled with distilled water and the water is boiled for several minutes 
with M open to remove air. The stopper is replaced in M and the vessel is allowed 
to cool to room temperature. Nitrogen is admitted through K until atmospheric 
pressure is established. In this, and in subsequent operations, the stopcock P and 
the by-pass may be used to indicate when pressure equilibrium has been established. 
When nitrogen is not being used, it is allowed to escape through the by-pass. 

Air-free water is obtained from W as needed by opening K to provide a positive ni- 
trogen pressure in IT so that air cannot enter W when M is opened; inserting a pi- 
pette equipped with a tight rubber collar into the water through M\ allowing nitro- 
gen pressure to fill the pipette to the desired volume; removing the pipette and 
replacing the stopper in Jf ; closing K. 
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The substrate (benzoylarginmeamide*HCl*HsO 2.074 gm.) is weighed into the 
vessel S (50 cc.) and the flask is half filled with air-free water. By successively 
evacuating the vessel through 0 and refilling with nitrogen through L several times, 
air contained in the vessel is removed. The solution is then diluted to 50 cc. with 
air-free water. Air-free substrate solution (0.125 m) can be removed as needed by 
following the procedure described above for obtaining air-free water. 

The reaction vessel is connected at F by means of a short length of pressure tubing 
and nitrogen is passed through G for several minutes to remove air from the system 
from R to G, The stopper is replaced in G, F is connected to Z>, and nitrogen is 



Fig. 2. Apparatus for storage and delivery of air-free H 2 S solutions of constant 
titre. 

passed through B-F-D-E while the materials under test are introduced into A. The 
entire assembly included in the ground joint at U is lifted and the desired volume of 
enzyme solution (usually 1.0 or 2.0 cc.) and 1.0 cc. of 0.2 molar citrate buffer (pH 
5.0) are pipetted into A. The assembly is replaced in U and the system is evacuated 
(cautiously at first to minimize foaming) by means of a water pump at T. The 
stopcocks at H and C are closed and nitrogen is admitted through B until pressure 
equilibrium is attained. Evacuation and refilling with nitrogen is repeated several 
times to remove air from the vessel and contents. The required volume of air-free 
0.1 M cysteine solution (2.0 cc. for a cysteine concentration of 0.020 mM per cc. of 
test solution) is now added through G by means of a rubber-collared pipette. The 
solution is forced into the reaction vessel by a stream of nitrogen passing from B 
to H, Substrate solution (4.0 cc. of 0.125 ic solution to give a concentration of 0.05 
mif/cc. of test solution) is then added in exactly the same manner. The reagents are 
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rinsed into the vessel and the mixture is diluted to 10.0 cc. by adding air-free water 
through G, 

The end of the sampling tube V is lowered to position 7' by sliding the tube 
through the rubber sleeve X, The solution in A is mixed by shaking or by bubbling 
nitrogen through 7' for several seconds. F is disconnected from D. Samples are 
removed for titration (6) by forcing the solution under nitrogen pressure from 
into the well at D (volume of well approximately 0.3 cc.) from whidi 0.2 cc. samples 
can be taken readily by means of a micro pipette. The excess of solution in P is 
discarded through E. F is again connected to D and, after nitrogen has flushed all 
air from 2>, the solution in the sampling tube is returned to A by nitrogen pres- 
sure at D with H open. Subsequent samplings at the desired time intervals are 
accomplished similarly. Between samplings, stopcocks at C, B, and U are kept 
closed and the nitrogen escapes through the by-pass. 

With practice, 1 minute is required to remove 2 titration aliquots and to return the 
solution in the sampling tube to the reaction vessel. At the start of an experiment 3 
to 4 minutes are required to add substrate solution, dilute to volume, mix, and remove 
the initial samples. In successive sampling, the tube 7 and the well D are rinsed 
free of the previous sample by discarding several portions of the test solution through 
E before the titration sample is pipetted. 

Experiments of the type described in Table I can be carried out conveniently in 
the apparatus by employing essentially the same technique described above. In the 
experiments requiring the in vacuo removal of H 2 S, a trap containing lead acetate 
solution is placed between T and the pump. Complete removal of H 2 S is effected by 
repeated evacuation and refilling with nitrogen. 

Activator Solutions . — ^With the exception of H 2 S, activator solutions were prepared 
freshly immediately before use. Air-free 0.1 m cysteine, glutathione, and HCN 
solutions were prepared by placing the proper amount of cysteine hydrochloride, 
glutathione, or KCN in an air-free volumetric flask and diluting to volume with air- 
free water and sufficient n NaOH or n HCl to make the final solution pH 5.0. To 
prevent volatilization of HCN, this activator solution was prepared and kept in 
an ice bath. 

Air-free H 2 S was prepared and stored in the apparatus shown in Fig. 2. 

The bulb G is detached at E and the rest of the apparatus is filled with H 2 S by 
passing the gas through the opening at E for several minutes. G is filled with air- 
free water and the water is saturated with H 2 S at 0®C. The bulb G is connected to E 
and the apparatus is inverted, so that the H 2 S solution fills D and C. B and K are 
closed and the apparatus is placed upright. With H and F open, H 2 S pressure is 
applied at A to force the H 2 S solution above K to the bottom of D. All stopcocks 
are closed and the entire set-up is kept in a constant temperature cold room. 

To remove a sample of air-free H 2 S solution, stopcock K is opened and a measured 
amount is drawn off at B. If the pressure in D becomes too low to permit delivery 
from B, raising the bulb G with F and H open will reestablish the necessary pressure. 

Prepared and stored in the manner described, the H 2 S solution is perfectly clear 
and its concentration remains constant for long periods. The apparatus provides a 
readily available source of known amounts of H 2 S. Standardization of the solution 
is accomplished by iodometric titration (7). A solution of H 2 S prepared and stored 
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in this manner was 0.18 m when prepared and had exactly the same molarity 3 months 
later. 
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PURIFICATION OF THROMBIN 


By H. MILSTONE* 

{From the Laboratories of The Rockefeller Institute for Medical Research, Princeton, 

New Jersey) 

(Received for publication, March 10, 1942) 

The coagulation of blood is customarily considered to proceed in two stages. 
During the first stage a series of reactions results in the activation of prothrom- 
bin to thrombin. In the second stage thrombin brings about the conversion 
of fibrinogen to fibrin, which composes the solid framework of the blood clot. 
The mechanism of these reactions has yet to be unraveled, despite a great deal 
of work with crude materials. Consequently, recent years have seen in- 
creasing attention devoted to the purification of the central factors in the 
clotting system (1-7). 

The purpose of this paper is to present a new method for the purification of 
thrombin, which regularly yields a product the specific activity of which is 
100-175 times the potential specific activity of whole plasma. 

Preparation of Prothrombin 

The first two steps of this method were derived from the procedure of 
Mellanby (1). The present modification has yielded consistently good results 
when employed on fresh plasma from carefully collected blood. 

Oxalated beef plasma which was no more than 4 days old was fractionated as 
outlined in Table I. The euglobulins were precipitated from diluted plasma 
at pH 5.2. From the precipitate, which contained prothrombin, thromboki- 
nase, and fibrinogen, most of the prothrombin was extracted by dilute calcium 
bicarbonate. During the earlier work with this procedure, it occasionally 
happened that the finely suspended globulin would flocculate heavily upon 
the addition of the calcium bicarbonate, and thus render the extraction ineffi- 
cient. It appeared that the success of the operation depended on extracting 
the prothrombin before the fibrinogen had progressed too far toward coagula- 
tion. Therefore the time limits recorded in Table I were closely observed. 
Only scrupulously clean apparatus was used, since extraneous matter often 
accelerates coagulation. 

The prothrombin was precipitated from the extract between 0.28 and 0.55 
saturated ammonium sulfate. It was then made up to approximately 1 mg. 
protein nitrogen per ml. and twice reprecipitated by 0.45 saturated ammonium 
sulfate. The final precipitate, dissolved in a small quantity of distilled water, 
gave an amber, opalescent solution, the pH of which was 5.4. After dialysis 

* Commonwealth Fdlow. 
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TABLE I 


PreparaUon of Prothfombin and Conversion to Thrombin 


Oxalated beef plasma 

In 4 aluminum vats: 3.5 liters of 1 per cent acetic acid stirred with 
201.4 liters distilled water. 10.6 liters plasma added, stirred 
gently. Allowed to settle 2 hrs. at 20" C. Supernatant siphoned 

off. Euglobulin precipitate 

No. 1 suspended in remaining mother liquor and packed by centrifu> 
gation. Cake ground in mortar and suspended in 20 liters dis- 
tilled water at 20"C. Suspension distributed among seven 6 liter 
Erlenmeyer ffasks. 3 liters dilute calcium bicarbonate added to 
each flask which was immediately closed by a rubber stopper and 
mixed by inversion. Solid kept in suspension by occasional inver- 
sion of flask. After 20 min. at 20"C. flasks kept in water baths at 
6"C. for 75 min. Supernatant decanted through coarse folded 
filters at 6"C. Sediment packed by centrifuge in rubber stoppered 
tubes. Supernatant poured into filters. 

Combined filtrates » extract 

39 liters No. 2 stirred by motor while 13.6 kg. solid ammonium sul- 
fate added slowly. Stirred 2.5 hrs. at 20"C. Plus 80 gm. Filter- 
cel. Filtered with suction. Filter cake stirred 15 min. with 1 liter 
0.9 per cent sodium chloride and filtered with suction. 

Filter cake 

Filtrate and washings 

No. 3 stirred 15 min. with 350 ml. 0.9 per cent sodium chloride. Fil- 
tered with suction. Filtrate and washings 

No. 4 and No. 5 combined, 1,550 ml. Plus 600 ml. saturated am- 
monium sulfate to approximately 0.28 saturated. Centrifuged. 
Precipitate discarded. Supernatant plus 600 ml. saturated am- 
monium sulfate to approximately 0.45 saturated. Supernatant 

discarded. Precipitate 

No. 6 dissolved in distilled water to 1 liter of solution. Plus 818 ml. 

saturated ammonium sulfate, centrifuged. Precipitate 

No. 7 dissolved In distilled water to 1 liter of solution. Plus 818 ml. 

saturated ammonium sulfate. Centrifuged. Precipitate 

No. 8 dissolved in distilled water to 90 ml. solution. 

Concentrated prothrombin 

No. 9 dialyzed against 3.5 liters 0.09 saturated ammonium sulfate at 
6®C. 1 week at 20®C. then stored at 1®C. 

Crude thrombin 



The underlined figures are average values from six preparations. 


the concentrated prothrombin was set aside to change to thrombin. The 
preparation up to the point of dialysis was completed within 24 hours. 


Unit! 
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^^Spontaneous” Activation of Concentrated Prothrombin 

The conversion of prothrombin to thrombin under these conditions proved 
to be particularly interesting, especially when compared to the behavior of the 
extract from which it had been concentrated. The pH of the extract was 
usually 6.8. When stored in the ice box it lost about 10 per cent of its pro- 
thrombin per week, but produced no detectable thrombin. Even when calcium 
and physiologic saline were added, it did not develop thrombin unless an 
activator such as cephalin or lung extract were included. 

In contrast, the concentrated prothrombin changed to thrombin without 
any added activator. Furthermore, ionized calcium was unnecessary. Quan- 
titative determinations on the concentrate showed the calcium to be 0.002 m; 
and this was probably bound to protein. The essential condition for “spon- 
taneous” activation seemed to be the concentration of the biologic material. 
Indeed, activation could be retarded merely by dilution of the concentrate. 
The data on hand do not permit a decision as to whether it was the prothrombin 
itself or some accompanying factor which was responsible for this phenomenon. 

In a series of experiments performed at pH 7.4 it was found that 0.026 m 
oxalate failed to retard activation. Although the conversion was accelerated 
by crystalline trypsin (c/. 8) it was unaffected by crystalline trypsin inhibitor. 
Conditions which favored rapid activation did not necessarily lead to better 
yields of thrombin. For example, activation was much faster at pH 6.5 than 
at pH 5.4 but thrombin was destroyed more rapidly at the higher pH, resulting 
in a lower final yield. Conditions for optimal yield were found to be 0.1 
saturated ammonium sulfate at pH 5.4 and the temperature variations men- 
tioned in Table I. 


Fractionation of Crude Thrombin 

Preliminary experiments had shown that thrombin was soluble in 0.45 
saturated ammonium sulfate, whereas crude prothrombin was not. In the 
fractionation of prothrombin (Table I) particular care had been taken to 
eliminate protein which was soluble in 0.45 saturated ammonium sulfate. 
Therefore, proteins insoluble in that solvent constituted almost all the im- 
purities which were present in the concentrated prothrombin, and consequently, 
in the crude thrombin. On the other hand, a large proportion of the thrombin 
itself would be expected to remain dissolved in 0.45 saturated anunonium sul- 
fate when the crude thrombin was fractionated. Such was the case, as is 
shown in Table II, where the most soluble fraction, 9/15 III, contained almost 
half the total activity, but only 3 per cent of the total protein. When 9/15 
III was again treated to remove protein soluble in 0.45 saturated ammonium 
sulfate, the specific activity rose from 15,100 to 22,000. From there on 
fractionation was difficult but clearly showed that the protein was not yet 
homogeneous. As may be seen from the data in Table II, the thrombin was 
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TABLE II 

Fractionation of Thrombin 



Crude thrombin from 3 preparations plus distilled water to 
3 liters plus 2,450 ml. saturated ammonium sulfate and 
75 gm. Filter-cel. Filtered. 

Filtrate and washing 1 0.45 

Cake stirred in 3,300 ml. distilled water. Pius 2,700 ml. 
saturated ammonium sulfate. Filtered. 

Filtrate and washing 2 0.45 

Residue 9/15/1 

No. 1 and No. 2 combined. Vol. 11.1 liters. Plus 2.3 kg. 
ammonium sulfate and 24 gm. Filter-cel. Filtered. 

Filtrate discarded 0.75 

Cake extracted twice with 900 ml. 0.45 saturated ammo- 
nium sulfate. Residue 9/15 II 

Combined extracts plus 1,030 ml. saturated ammonium 

sulfate. Centrifuged. Supernatant discarded 0.65 

Precipitate 9/15/ III 

9/15 III dissolved in 35 ml. distilled water. Vol. 48 ml. 

Plus 24 ml. saturated ammonium sulfate. Centrifuged. 

Supernatant 3 0.45 

Residue extracted twice with' 150 ml. 0.45 saturated am- 
monium sulfate. Combined extracts 4 0.45 

Residue 10/2 I 

No. 3 and No. 4 combined. Vol. 370 ml. Plus 212 ml. 
saturated ammonium sulfate. Centrifuged. 

Supernatant 0.65 

Precipitate 10/2 II 

10/2 II dissolved in 70 ml. distilled water. Vol. 77 ml. 

Plus 30 ml. saturated ammonium sulfate plus 130 ml. 

(0.99 saturated ammonium sulfate, 0.04 m pH 5.2 ace- 
tate). Centrifuged. Supernatant discarded 0.70 

Precipitate extracted 3 times with 180 ml. (0.5 saturated 
ammonium sulfate, 0.08 m pH 5.2 acetate). 

Residue 10/201 

Combined extracts plus 366 ml. (0.99 saturated ammo- 
nium sulfate, 0.04 m pH 5.2 acetate). Centrifuged. 

Supernatant discarded 0.70 

Precipitate 10/20 II 

10/20 II dissolved in 70 ml. (0.35 saturated ammonium 

sulfate, 0.08 pH 5.2 acetate). Vol. 76 ml 0.38 

Plus 16.5 ml. (0.98 saturated ammonium sulfate, 0.08 M 

pH 5.2 acetate). Centrifuged. Precipitate 11/10 A 0.49 

Supernatant plus 2 ml. 0.98 SAS.* Centrifuged. 

Precipitate 11/10 B 



4,420 500 

52 5,300 

122 15,100 

27 2,900 

69 22,000 

20 11,100 

57 20,000 

13.515,500 
6.3 25,600 
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TABLE n — Concluded 



No. 

Per cent 
saturated 
(NH4 )sSO« 

M 

5 

S 

2 

Supernatant plus 1 ml. 0.98 SAS. Centrifuged. 






Precipitate 

11/10 C 


3.7 


Supernatant plus 1 ml. 0.98 SAS. Centrifuged. 






Precipitate 

11/11 A 


3.4 

29,700 

Supernatant plus 30.5 ml. 0.98 SAS. Centrifuged. 






Supernatant discarded 


0.62 

2.2 



Precipitate extracted 10 times with 10 ml. portions of 






(0.55 saturated ammonium sulfate, 0.08 m pH 5.2 ace- 






tate). Total for 10 extracts 

El-ElO 

0.55 

8.1 


Residue extracted with 10 ml. portions of (0.53 saturated 






ammonium sulfate, 0.08 m pH 5.2 acetate). 






Total for extracts 

E11-E15 

0.53 

4.3 



E16-E17 


1.4 

26,100 


E18-E22 


2.5 



E23-E25 





Residue 






* 0.98 SAS (0.98 saturated ammonium sulfate, 0.08 M pH 5.2 acetate). 


accompanied by at least two other proteins, one of which was slightly less 
soluble (in 11/10 A and 11/10 B) and the other slightly more soluble (in 
E1-E17) than thrombin. 

It should be mentioned that the fractionation of Table II was the best of 
several. In other fractionations the specific activity stopped between 17,000 
and 30,(X)0. In one case a sample was treated by several successive additions 
of saturated ammonium sulfate and gave twelve successive precipitates with 
a specific activity about 17,000, The reason for this may be surmised from a 
consideration of the closely similar solubilities of thrombin and the final im- 
purities. The proportion of these impurities in the crude thrombin might 
determine at what point fractionation would become impracticable. It must 
be left to future work to determine to what extent the final impurities might be 
derived from thrombin itself, and whether there are varieties of thrombin 
molecules with different specific activities {cf, 9). 

Sofne Properties of the Thrombin Preparations 

From the data in Table II it can be calculated that 70 per cent of the activity 
present in sample 9/15 III could be accounted for in the 32 fractions derived 
from it in the course of the next 2 months. In another experiment, on a sample 
having a specific activity of 13,000, it was found that thrombin was most 
stable at pH 5.2. Solutions containing 1 mg. protein nitrogen per ml. of 0.35 
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saturated ammonium sulfate at pH 5.2 lost less than 10 per cent of their activity 
in 4 days at room temperature. 

Solutions having 1 mg. protein nitrogen per ml. and a specific activity of 

20.000 or more, were water-clear and had an almost imperceptible yellow tinge. 
Dr. Alexandre Rothen kindly performed electrophoretic tests on several 
samples. On Fig. 1 is shown the best pattern obtained, from a sample having 

29.000 thrombin units per mg. protein nitrogen. Solubility curves on several 
samples were of the rounded, solid solution type indicating inhomogeneity (10). 

A few tests for proteolytic action on casein (pH 7.6) were performed with a 
thrombin sample having a specific activity of 9,000. In the standard test (11) 
0.1 mg. protein nitrogen caused no change in the viscosity of casein in 1 hour. 
The effect of thrombin on the formol titration of casein was about 1/10,000 
that of crystalline trypsin. Of course, these tests do not exclude the possi- 
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Fig. 1 . Electrophoretic pattern of a thrombin preparation having a specific activity 
of 29,000. The solvent was (0.02 u acetate buffer pH 5.2; 0.08 h sodium chloride). 
Thrombin migrated toward the anode. The photograph was taken 2 hours, 47 
minutes from start. The dender spike is a buffer effect and does not represent another 
protein component. 

bility that thrombin has some proteolytic action of fibrinogen. As noted also 
by Seegers (5) purified thrombin has no fibrinolytic activity. 

DISCUSSION 

If it be assumed that 1 molecule of prothrombin is converted to 1 molecule 
of thrombin having approximately the same molecular weight it follows that 
the same number would designate the specific activity of pure thrombin and the 
potential specific activity of pure prothrombin. From the results herein 
presented, that number would be above 30,000. 2,0(X) prothrombin units per 
ml. plasma would then represent less than 0.067 mg. prothrombin nitrogen. 
Since there are about 11 mg. protein nitrogen per ml. plasma, prothrombin 
comprises less than 0.6 per cent of the plasma proteins. 

By the present assay method normal beef plasma contains 2,(X)0 prothrombin 
units per ml. and human plasma, 1700 units per ml. By the Iowa method of 
assay, there are 314 Iowa units of prothrombin per ml. beef plasma, and 325 
Iowa units per ml. human plasma (3, 5). Thus, the present unit is 1/6 the 
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Iowa unit. Using this factor to convert the assay values of Seegers to the 
present unitage it can be calculated that the usual thrombin preparation ob- 
tained by Seegers had 28,000 units per mg. protein nitrogen, and that his 
best preparation had a specific activity of 43,000. The highest single assay 
value obtained during the present work was 36,000. Further comparison of 
the two methods might prove fruitful since their strong features are quite 
different. 


Mdterials and Methods 

Buffer for Fibrinogen. — This was a 0.9 per cent solution of sodium chloride con- 
taining 0.0067 M phosphate buffer pH 7.4 and 0.013 m potassium oxalate. 

Buffer for Assays. — 50 ml. 0.1 m sodium diethylbarbiturate were mixed with 36 
ml. 0.1 M hydrochloric acid and diluted to 250 ml. with oxalated saline. The final 
concentration of oxalate was 0.0008 m. 

Calcium Chloride. — 0.11 M. 

Calcium Bicarbonate. — Distilled water was shaken with excess CaO. The filtered 
solution was diluted tenfold with distilled water. CO 2 was rapidly bubbled through 
the 0.1 saturated Ca(OH )2 until the solution was yellow to brom thymol blue. Air 
was then bubbled through until the solution was orange to phenol red. The bottle 
was closed tightly with a rubber stopper. 

Beef Plasma. — Beef blood was obtained at the slaughter house. The blood gushing 
from a severed vessel was caught directly into 150 ml. of 10 per cent potassium oxalate 
in a wide mouthed 4 liter jar. The mouth of the jar was not allowed to touch the 
wounded tissue and any blood which flowed over the wound was rejected. Within a 
few seconds the jar was ^ full and it was quickly stoppered and shaken. After the 
blood had cooled in the ice box the plasma was collected by centrifugation and stored 
at 6®C. 

Fibrinogen. — 17 ml. of saturated ammonium sulfate were slowly added to 50 ml. 
of beef plasma. 15 minutes later the mixture was centrifuged lightly for 5 minutes 
and the precipitate was immediately stirred thoroughly with 200 ml. 0.25 saturated 
ammonium sulfate. After 15 minutes the residue was collected by centrifugation 
and dissolved in 75 ml. of buffer. Kept in the ice box these solutions were fairly 
stable and as will be seen below were sufficiently uniform for assay purposes. The 
small portions which were warmed to room temperature for each assay were not 
returned to the cold stock solution since long exposure to room temperature affects 
the clotting response. 

Lung Extract. — 0.5 gm. dried beef lung was extracted by grinding with 10 ml. of 
0.9 per cent sodium chloride. 

Assay of Thrombin Activity. — All reagents were at room temperature. The throm- 
bin solution was diluted with buffer and to 1.0 ml. of the diluted thrombin was added 
0.2 ml. calcium chloride. Then 0.1 ml. of this mixture was blown directly into 0.3 
ml. of fibrinogen in a 10 X 75 mm. pyrex tube. The contents were immediately 
mixed by rapid oscillation. The clotting time was taken as the interval between the 
addition of the thrombin and the instant when the clot could hold its position with the 
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tube inverted. It was determined empirically that the clotting time was inversely 
proportional to the concentration of thrombin under these conditions. A unit was 
defined as the amount which gave a clot in 300 seconds. The dilutions were usually 
arranged so that 3 to 10 units were estimated. Example: A solution of thrombin was 
diluted 1/16, then 3/10, and the calcium chloride added. 0.1 ml. of this produced a 

10 12 300 

clot in 50 seconds. The original solution contained 
thrombin units per ml. 

A standard solution was prepared by precipitating thrombin with ammonium 
sulfate and dissolving the precipitate in glycerin. Kept in the ice box this solution 
maintained its titer for 8 months. During this time the titers obtained with eight 
fresh preparations of fibrinogen varied from 11,700 to 13,500 units per ml. Only one 
fresh fibrinogen preparation (from anemic blood) had to be discarded because it gave 
values outside this range. When a fibrinogen solution had aged to the extent that it 
gave low titers for the standard thrombin it was replaced by a fresh preparation. 

Prothrombin Assay. — 0.9 ml. of a buffer dilution of prothrombin was mixed with 

0.1 ml. lung extract and 0.2 ml. calcium chloride. At intervals the activation mixture 
was assayed for thrombin, the plateau value being used to calculate the potential 
activity of the prothrombin. 

Protein Nitrogen. — ^Turbidity method (9). The turbidity curve was standardized 
by Kjeldahl determination on a sample having a specific activity of 18,000. 

Tests for Proteolysis.— Nloithioip and Kunitz (11). 

SUMMARY 

1. Under certain conditions crude prothrombin changes to thrombin with- 
out the addition of extraneous activators and in the absence of ionic calcium. 

2. Thrombin is soluble in 0.45 saturated ammonium sulfate, whereas crude 
prothrombin is not. 

3. Partially purified thrombin is comparatively stable in concentrated am- 
monium sulfate solutions at pH 5.2. 

4. A method based on the above facts yields a thrombin preparation the 
specific activity of which is 100 to 175 times the potential specific activity of 
whole plasma. 

This work was carried out under the guidance of Dr. John H. Northrop. The 
author is also indebted to Mr. J. F. Gettemans who helped work up 400 liters 
of blood. 


REFERENCES 

1. Mellanby, J., 1930, Proc. Roy. Soc. London, Series B, 107, 271. 

2. Mellanby, J., 1933, Proc. Roy. Soc. London, Series B, 113, 93. 

3. Seegers, W. H., Smith, H. P., Warner, E. D., and Brinkhous, K. M., 1938, J. 

Biol. Chem., 128, 751. 



H. MILSTONE 


687 


4. Seegers, W. H., Brinkhous, K. M., Smith, H. P., and Warner, E. D., 1938, 

Biol. Chem., 126^ 91. 

5. Seegers, W. H., 1940, /. Biol. Ckem., 136, 103. 

6. Astrup, T., and Darling, S,, 1940, J. Biol. Chem.y 133, 761. 

7. Astrup, T., and Darling, S., 1941, Acta physiol. Scand., 2, 22. 

8. Eagle, H., and Harris, T. N., 1936, J. Gen. Physiol., 20, 543. 

9. Herriott, R. M., Desreux, V., and Northrop, J. H., 1940, J. Gen. Physiol., 24, 213. 

10. Herriott, R. M., 1942, Chem. Rev., in press. 

11. Northrop, J. H., and Kunitz, M., 1932, J. Gen. Physiol., 16, 313. 




THE METABOLISM OF TISSUE CULTURES* 

I. Preliminary Studies on Chick Embryo 

By HILDEGARD WILSON, ELIZABETH B. JACKSON, and AUSTIN M. BRUES 

(From the Medical Laboratories of the CoUis P. Huntington Memorial Hospital of 

Harvard University) 

(Received for publication, January 23, 1942) 

The study of tissue metabolism by classical methods has certain serious 
limitations which are obviated by the use of tissue cultures. In investigating 
the mechanism of growth it is particularly desirable to use intact cells, whose 
growth may be controlled during the period of observation. The present 
study deals with metabolic processes in cultures of embryonic tissue grown 
under normal conditions. 

All experiments were conducted on chick embryo tissue, usually 9 to 13 days 
old. Muscle, heart, and liver tissue were explanted together and grown by 
the roller bottle technique described by Shaw, Kingsland, and Brues (1). 
Unless otherwise stated, cultures were grown in an artificial medium similar 
to that described by Baker (2), but without added serum.^ In any one ex- 
periment all culture bottles contained the same amount of medium per unit 
weight of wet tissue; a typical culture thus had 160 mg. tissue and 4 cc. of 
medium. Changes in composition of the medium resulting from metabolism 
of the explanted tissue were then followed by analytical methods. 

Glucose Utilization 

Previous observations have shown that tissues can use an amount of glucose 
greater than their own dry weight in 48 hours (Krontowski (3)), and that the 

* This is reprint No. 550 of the Cancer Commission of Harvard University. 

^ 100 cc. of the modified Baker’s solution contained: 


Mg. 

NaCl 720 

KCl 18 

CaCl2-2H20 23.8 

MgCl2-6H20 9 

NaH2P04-H20 5.2 

NaHCOa 100 

Witte’s peptone 675 

Glucose 100 

Cysteine HCl 9 

Glutathione 1 

Ascorbic add 0.25 

Thiamin HCl 0.5 
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amount used decreases with the age of the tissue (Lebensohn (4)). The effect 
of glucose concentrations higher than those found in physiological media 
has received considerable attention. Demuth (5) stated that growth in cul- 
tures increased with increasing glucose concentration. Ebeling (6) observed 
increased growth in cultures of fibroblasts whose glucose was raised from 200 
to 1150 mg. per cent; at higher levels glucose appeared to inhibit growth and 
to become toxic. Willmer (7), using saline mixture media, found the total 
amount of cell migration to be directly proportional to glucose concentration 
up to 1000 mg. per cent, although the tissues were more active in concentrations 
of 200 mg. per cent as long as enough glucose was present. 

TABLE I 

Glucose Utilization in RdaUon to Initial Concentration 


Concentration expressed as mg. per cent in media. 
Rate ■■ mg. glucose per 100 mg. tissue per day. 


Initial concentration 

622 


407 


198 


86 


Rate on 1st day 


2.6 


2.7 


2.0 


1.4 

Concentration at 1 day 

476 


260 


no 


29 


Rate on 2nd day 


1.8 


1.1 


1.3 


0.5 

Concentration at 2 days 

372 


197 


52 


7 


Rate on 3rd and 4th days 


0.3 


0.5 


0.5 


0.2 

Concentration at 4 days 

337 


147 


6 


0 


Rate on 5th and 6th days 


0.1 


0.6 


0 


0 

Concentration on 6th day 

332 


82 


5 


0 



We have investigated quantitatively the following phases of glucose 
utilization: — 

Rate , — ^With media containing 100 mg. per cent glucose we have done 10 
experiments comprising 40 observations on 24 cultures. Glucose was used 
initially at rates from 0.5 to 2.0 mg. per 100 mg. wet tissue per day, the rate 
falling sharply as glucose disappeared. 

With a range of higher initial concentrations 7 experiments were done, com- 
prising 64 observations on 29 cultures. Initial rates of glucose utilization were 
higher, more or less in proportion to concentration, up to 300-400 mg. per cent. 
Above this level, utilization was at first rapid, but was either greatly slowed 
or entirely stopped after a few days, while much glucose yet remained. Fig- 
ures for one such experiment are shown in Table I. The results are in close 
agreement with those of Gemmill, Gey, and Austrian (8) on Walker rat sar- 
coma 319. 
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Total Glucose Used , — From a range of higher initial glucose concentrations, 
total utilization before onset of degeneration similarly appeared to show an 
optimum at 300-400 mg. per cent, as shown in Table II. 

If exhaustion of glucose is prevented by frequent replacement of the regular 
medium, it continues to be used for a long time and in great amount, especially 
with daily changes. 2 cultures were followed with daily replacement of me- 
dium, 1 for 14 days. This 1 used increasing amounts of glucose each day up 
to 11 days, totalling 22 mg. of glucose consumed per 100 mg. wet tissue, or an 
average of 1.6 mg. per day. When cultures were changed every 2 or 3 days so 
that the media were more nearly depleted, total utilization was less, as shown 
in Fig. 1. 


TABLE II 

Total Gliicose Used from Various Initial Concentrations 


Initial glucose 
concentration 

Glucose used per 100 mg. tissue 

Experiment 6 

Experiment 9 

Experiment 7 

mg. per cent 

mg. 

mg. 

mg. 

500-600 

4.6 

4.0 

5.3 

350400 

5.1 

8.2 

5.9 

175-200 

4.2 

4.0 

4.4 

Duration of experi- 




ment, days 

4 

5 

6 


Figures represent the total glucose which 100 mg. of tissue had used at the end of each 
experiment. 


Exhaustion of glucose may also be prevented by daily additions of con- 
centrated solution without other change in medium, thus maintaining the 
total concentration near 100 mg. per cent. 9 such cultures had used more 
glucose at 4 and 6 days than those whose medium was replaced. 

Effect of Colchicine and Phlorhidzin , — Isolated observations indicate little 
or no effect of these substances. 1 series of cultures with phlorhidzin and 2 
with colchicine were followed. 

Colchicine, in concentrations of 1 1 10® and 1 : 10^ did not appreciably alter 
glucose utilization, although all cells entering mitosis were stopped permanently 
in metaphase. 

Phlorhidzin, in concentrations of 33, 100, and 300 mg. per cent appeared not 
to prevent the utilization of most of the glucose present, or to be itself de- 
stroyed.^ Phlorhidzin increased the number of mitoses seen in stained cul- 

® At each concentration of phlorhidzin the level of reducing substances reached a 
base line corresponding to the amount of phlorhidzin used, and glucosazones could 
not be obtained in these depleted solutions. 
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tures. The appearance of the mitoses suggests that it acts through prolonging 
the mitotic process rather than by stimulating growth. Mitotic counts are 
seen in Table lU. 

Absence of Glucose . — ^In explanted tissue not supplied with glucose, degenera- 
tive processes are greatly increased. Nevertheless some tissue remains alive 
for 2 or 3 days. 12 such cultures were followed. At 2 days, they showed a 



Fig. 1. Cumulative curves showing total glucose used by 1 culture changed daily, 
and 2 other cultures changed at longer intervals. 

sli^t but definite migration of cells, without mitoses. Most of the tissue, how- 
ever, degenerated before it began to migrate, and at 4 or 5 da)rs degeneration 
was complete. Hence metabolic findinp, to be discussed later, are of value 
only if interpreted with caution. 

Nitrogen Metabolism 

Amino Nitrogen Production . — ^True growth, involving formation of new 
tissue, must be accompanied by incorporation of protein derived from nitrog- 
enous substances in the medium. Carrel and Baker (9) have shown that 
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proliferation of fibroblasts is rapid when higher cleavage products of protein 
are supplied, as by Witters peptone. If cells do not take up exclusively whole 
peptone molecules but first hydrolyze some of them to smaller units by means 
of proteolytic enzymes, an increase of the amino nitrogen of the medium during 
growth should be seen. 

We have followed amino nitrogen production in Baker^s solution. 31 ob- 
servations were made on 26 cultures. The original amino nitrogen concentra- 


TABLE m 

Mitotic Counts on Various Types of Culture 


Medium 

Experiment 

No. 

Per cent mitoses 

Days 

1 

2 

3 

4 

s 

Baker’s 

100 mg. per cent glucose 

10 

1.3 

1.7 

0.9 


0 

Baker’s 

500 mg. per cent glucose 

10 

1.6 

1.6 

1.4 


0 

Baker’s 

No glucose 

18 

0 



0 

0 

Baker’s 

No glucose* 

Added lactate 

15 


2.0 


0 

0 

Baker’s 

No glucose* 

Added pyruvate 

22 

0.7 

0.15 




Baker’s 

Added phloridzin 

1.0 mg. 

0.3 mg. 

20 


4.3 

8.2 




Amino acid medium 

14 

1.8 

2.1 

1.4 




* These cultures showed widespread degeneration. Mitoses were counted in the rela- 
tively small areas of healthy cells. 


tion was about 14 mg. per cent which is one-seventh of the total nitrogen. This 
value rose after contact with tissue grown under our standard conditions. 
Hydrolysis was rapid at first, but decreased markedly in rate after a day or 
two when the same medium was left on the culture. A maximum rise of 24 
to 31 mg. per cent in 6 days was observed under these conditions. Daily 
change of medium for 3 days appeared to increase the daily production of 
amino nitrogen. 

Total Nitrogen.— Utilizsition of total nitrogen from the medium during growth 
is difficult to demonstrate in these experiments due to the high protein content 
of the small amount of plasma used, and to partial autolysis of explants. De- 
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terminations on cultures grown in nitrogen-free Tyrode solution showed that 
up to 15 mg. per cent protein nitrogen may thus be added. Total nitrogen 
values in Baker’s solution usually remained quite constant or showed a rise. 
It therefore seemed advisable to look for utilization of amino nitrogen from a 
medium whose nitrogen was mainly in this form. 

An amino acid solution was prepared by hydrolyzing Witte’s peptone with 
sulfuric acid. This was then used to replace the peptone in a culture medium 
containing all other ingredients plus 10 mg. per cent tryptophane. The final 
amino nitrogen content was 65 mg. per cent or about 400 mg. per cent amino 
acids, which is roughly 4 millimols per 100 cc. 

With this medium we obtained excellent growth over 6-8 day periods, with 
mitotic rates comparable to or exceeding those in the peptone medium (see 
Table III). Certain differences in behavior from that in Baker’s solution 
were, however, observed. In cultures of embryo muscle a number of giant 
multinuclear cells were seen using this medium, but never in regular Baker’s 
solution. These cells bear some resemblance to those seen in regenerating adult 
muscle. The two types of growth are contrasted in Fig. 2. Our amino acid 
solution was identical with Baker’s solution in every possible respect except 
that the peptone had been hydrolyzed. These effects, therefore, are probably 
due to specific actions of amino acids, singly or as a group. 

We ran 5 experiments using this medium, comprising 60 observations on 29 
cultures. In 2 experiments amino nitrogen remained constant for 5-7 days. 
In 1 case this was associated with tissue degeneration but in the other experi- 
ment the tissue appeared in good condition. In the remaining experiments 
amino nitrogen fell, the tissues grew well, and used glucose at about the same 
rate as in Baker’s solution. Although the variation in results has not been 
satisfactorily explained, it may be concluded that nitrogen can be progres- 
sively used from an amino acid medium. An initial rate of about 0.1 mg. 
amino nitrogen used per 100 mg. tissue per day dropped to about one-third that 
value after 2 days. This lessened uptake bears some relation to exhaustion of 
glucose, for when the glucose levd was maintained near 100 mg. per cent, 
amino nitrogen utilization continued at a somewhat higher rate. T)rpical 
results are graphically shown in Fig. 3. 

In cultures depleted of glucose the amount of urea plus ammonia nitrogen 
found accounted for a large proportion of the amino nitrogen lost, whereas a 
negligible amount of urea plus ammonia appeared when glucose was added. 
This would seem to indicate that amino acids are deaminated and burned in 
the absence of glucose, while in the presence of glucose they are stored. Total 
nitrogen values were somewhat lower in the culture media to which glucose had 
been added, indicating nitrogen utilization. 

Laciic Acid ProduUion 

Previous workers have found extensive lactic acid production by chick fibro- 
blasts. It has been noted that a decreased growth rate resulted in an increased 






Fig. 2a Fig. 2 b 

Fig. 2. Photomicrographs of embrj^o muscle cultures, (a) Grown in peptone medium (Baker’s), (b) Grown in medium similar 
to Baker^s except that the peptone had been hydrolyzed to amino acids. Stained with hematoxylin. X 80. 
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ratio of lactic acid to size of cultures (Demuth and Meier (10); Meier (11)). 
About 60 per cent of the j^lucose used in 48 hours has been accounted for as 
lactic acid, and glycolysis has been considered characteristic of the chemo- 
dynamics of tissue cultures (Krontowski (3)). Pomerat and Willmer (12) offer 
much indirect evidence that non-phosphorylating glycolysis is essentially linked 
with growth in cultures of embryo tissues. However, measurements on cul- 
tures transferred to Warburg vessels (Lipmann (13, 14)) appear to show that 
glycolysis is not the characteristic energy source of growth. 



Fig. 3. Amino nitrogen utilization from the amino acid medium. Each curve 
represents a single culture sampled for analysis at the times shown by points. Re- 
sulting changes in volume have been taken into account. Solid lines represent cul- 
tures to which glucose was added at 2, 4, and 6 days. Dotted lines represent cultures 
to which no glucose was added. 

Our studies suggest a relation between glycolysis and glucose utilization. 
They may be divided into six groups. 

A. When 100 mg. per cent initial glucose is used up by the tissue: 8 experi- 
ments were done, with 32 determinations on 23 cultures. Lactic acid in- 
variably ai)peared while glucose was falling rapidly, rising during the first 48 
hours to values between 25 and 45 mg. per cent. After glucose had disap- 
peared, decreased amounts of lactic acid were found in 3 of these experiments. 

B. When initial glucose is 500-600 mg. per cent and is not all used up by 
the tissue: 5 experiments were done, comprising 17 determinations on 17 cul- 
tures. Lactic acid appeared more rapidly than at lower glucose concentration 
and continued rising to 100 mg. per cent or over in 4 to 6 days. 

C. With daily change of medium: in 1 culture given fresh medium and 
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analyzed daily, from 25 to 42 mg. per cent lactic acid was formed each day for 
13 days. Production reached a peak at 10 and 11 days, after which smaller 
amounts were formed. For the first 11 days 60 to 70 per cent of the removed 


TABLE IV 

Lactic Acid Production under Various Conditions 


Group 

Conditions 

Ex- 

peri- 

ment 

No. 

Constituent 

Amount per 100 mg. tissue 

At 

start 

Days 

1 

2 

3 

4 

5 

6 

12 

13 

14 





mg. 

mg. 

mg. 

mg. 


mg. 

mg. 

mg. 

mg. 

mg. 

A. 

100 mg. per 

10 

Glucose used 

0 

in 

nn 

2.4 


2.4 






cent glucose 


Lactate 

0 

m 










100 mg. per 

31 

Glucose used 

0 


2.1 


2.3 


2.4 





cent glucose 


Lactate 

0 




0.6 






B. 

600 mg. per 

34 

Glucose used 

0 






8.4 

H 




cent glucose 


Lactate 

0 

1.3 





2.1 

2.7 



C. 

Daily change of 

33 

Glucose used 

0 

1.7 

1.2 

1.1 

1.7 

1.2 

1.6 

1.3 

1.1 



medium 


Lactate 

0 

1.2 

1.3 


1.1 


1.1 

1.2 

1.1 

Qy 

D. 

No glucose 

18 

Lactate 

0 




0.4 






E. 

Constant glu- 

19 

Lactate 

0 




0.7 







cose 

29 

Lactate 

.0 



2.0 



3.3 




F. 

Added lactate 

15 

Glucose used 

0 


1.5 




3.6 







Lactate 



1.3 









Added lactate; 

15 

Lactate 

0.6 











no glucose 














All cultures were grown in Baker’s solution containing 100 mg. per cent glucose, with 
modifications as shown. 

Figures represent total glucose used and total lactate appearing in an unchanged medium 
except in group C (daily change), where the figures represent daily glucose consumption 
and lactate formation. 

glucose usually appeared as lactic acid. On the 14th day and last day, the 
proportion had risen to 96 per cent; at this time the cells were healthy but 
there was extensive liquefaction of the plasma. 

D. In the absence of glucose: 1 experiment was done, with 3 determina- 
tions on 3 cultures. Lactic acid was formed, but reached only IS mg. per cent. 
It is likely that this rise is associated with tissue degeneration. 

E. At “constant*' glucose level: 2 experiments were done, with 5 deter- 
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minations on 6 cultures. When glucose was maintained near 100 mg. per cent 
by daily additions, lactic acid rose progressively. 

F. Added dMactate: 17 mg. per cent was originally included in the culture 
medium. Determinations on 5 cultures showed that the lactic acid content 
first rose and then fell to the original level, but not below. This was true both 
with and without glucose present. 

Tjrpical experiments illustrating these findings are shown in Table IV. 
Results are given in milligrams per 100 mg. tissue in order to make the findings 
of different experiments comparable. 

Pyruvate Utilization 

2 experiments comprising 10 cultures and 10 determinations were conducted 
with 50 mg. per cent pyruvic acid (neutralized) added to the medium, one in 
the presence of the usual amount of glucose, the other without glucose. The 
fall in bisulfite-binding values of both media showed rapid utilization of added 
pyruvate, with values close to zero after 28 hours. Incubation of the pyruvate 
medium without tissue caused little fall in bisulfite bound, and so it appears 
that with and without glucose the tissue rapidly disposes of pyruvate. In 
the absence of glucose, pyruvate allowed slight but definite growth to occur, 
as with lactate. This growth was much less than that seen with a correspond- 
ing amount of glucose, which is confirmed by the mitotic counts shown in 
Table III. 


DISCUSSION 

To understand these results we must consider carefully the test object. The 
life of a tissue culture includes four periods whose chief attendant features are: 
(1) injury of removal, (2) tissue growth, (3) regressive change, retardation of 
cell division, and visible alterations such as vacuolation, and (4) degeneration 
and autolysis. 

In the period of injury we have largely intact cells plus those which have 
been cut or injured so that they die. The injured cells may reach 50 per cent 
of the amount explanted (15). Cell contents, autolytic products, and intra- 
cellular enzymes are thus added to the medium. This probably continues for 
a few hours under normal conditions, after which the metabolism of the culture 
is that of intact growing cells. 

Thus we are dealing with the activity of a complex physiological system 
similar to that in the whole animal. The substrate is outside an intact cell 
surface, and localization of enz)ane systems within the cell is preserved. In 
tissue extract experiments catalyzed reactions are occurring in a single phase 
system without cells, while in tissue slice experiments observations are made 
during the period of injury and under conditions precluding recovery and 
growth. Hence study of tissue cultures during the period of growth gives a 
more faithful picture of metabolic reactions in intact cells. 
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It is to be expected that an unchanged medium loses efficiency by loss of es- 
sential constituents and by accumulation of end products. The increased 
life of cultures bolstered by additions of glucose to an otherwise unchanged 
medium indicates that glucose loss may be a limiting factor in this regard. 
Daily changes of the whole medium increase the life span of cultures still 
further. 

The amount of glucose used appears from our observations to have no direct 
relation to growth. Cultures treated with colchicine in concentrations which 
block all mitoses continue to use glucose at the usual rate. Moreover cultures 
grown in 500 mg. per cent glucose use more than those grown simultaneously 
in 100 mg. per cent, but examination of the fixed tissues at various periods shows 
about the same area of migration and closely similar mitotic counts in both 
groups. This observation appears to be in contrast to those of some previous 
workers whom we have quoted; the difficulties involved in estimating true 
growth in cultures must be emphasized. Probably the energy requirements 
for life and growth are easily supplied, and higher amounts of glucose do not 
increase growth rate because it is already limited by factors such as perme- 
ability, rate of intracellular synthetic reactions, or availability of essential 
foodstuffs. The enzyme systems for disposal of glucose appear to be stimu- 
lated to greater activity, possibly by a simple mass law effect. Conversion to 
glycogen, either in muscle or liver, has not been demonstrated by staining meth- 
ods in our cultures. Presumably more energy is evolved and somehow 
absorbed when the rate of glucose removal is increased. 

Glycolysis appears to be associated with the period of growth, for lactic 
acid production was related in rate and amount to glucose utilization. Lactate 
is also produced during the period of regressive change. While the amount 
evolved is less than in a healthy culture, it tends to represent a greater propor- 
tion of the total metabolism. The small amount of lactate formed in cultures 
not supplied with glucose increased with time and with the onset of 
degeneration. 

Our experiments afford some evidence that tissues can utilize lactate after 
their glucose is used up. At this point lactate values frequently showed a 
tendency to fall from levels reached earlier in the life of the culture. When 
(//-lactate was added to cultures without glucose no loss was observed, but 
microscopic observations showed more migration and less vacuolation with than 
without lactate. Moreover many mitoses were seen after 2 days when control 
cultures showed no dividing celb (see Table III) indicating that in cultures 
deprived of glucose lactate favors cell division although it is little used. De- 
generation was delayed for about 2 days by added lactate. Pomerat and 
Willmer (12) report similar findings in cultures of osteoblasts without glucose 
to which lactate was added. 

Lactate found in cultures without glucose may originate from glucose formed 
from certain amino adds. In support of this h 3 qx)thesis is the fact that in an 
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amino acid medium without glucose tissues produced over ten times as much 
urea plus ammonia nitrogen as those kept supplied with glucose. Deamination 
of certain amino acids prior to their conversion to glucose would explain this 
difference. 

Although utilization of nitrogen must obviously occur dtiring growth, the 
quantitative demonstration of this process when amino nitrogen is practically 
the only available form of nitrogen is of special interest. There has been con- 
siderable question as to whether cells in culture could make use of nitrogen 
supplied as amino acids, although Vogelaar and Erlichman (16, 17) believe 
this may be possible under optimal conditions. 

The definite morphological stigmata of cells grown in our amino acid medium 
indicate that the medium affects certain processes differently from a peptone 
medium. Vogelaar and Erlichman believe that amino acids may be prefer- 
entially adsorbed on the cell surface to such an extent as to interfere with 
normal processes. In this case morphological changes may result from specific 
effects of the amino acids upon the cell surface. It must be considered, how- 
ever, that these variations may be explained by an altered metabolism within 
the cell: in the case of a peptone medium nitrogen may be taken up in the 
form of peptides and utilized as such, while amino acids taken up directly might 
follow a different course. Although our experiments have not yielded proof 
of the utilization of nitrogen in peptide form, morphological observation sug- 
gest this possibility. 


EXPERIMENTAL 

Planting Technique , — Tissue to be explanted was removed from the embryo under 
the usual sterile conditions and placed in small, weighed, sterile Petri dishes. It was 
then cut up and weighed to the nearest 0.1 mg. as rapidly as possible. Tyrode solu- 
tion was then added and the tissue transferred to the inside surface of a roller bottle 
previously coated with a thin film of plasma, which formed a holding clot when in 
contact with the tissue. Care was taken to introduce all the weighed tissue into the 
bottle, and to remove the entire excess of plasma and Tyrode solution used in the 
transfer before adding the culture medium. Thus a known wet weight of tissue was 
explanted. 

General Procedure . — ^Bottles were placed in the roller apparatus in an incubator at 
37^C., removed serially at intervals up to 7 or more days, and the entire fluid decanted 
for analysis. Thus a progressive picture of events was obtained. For some deter- 
minations it was possible to sample one bottle at intervals without greatly changing 
the volume. Results obtained in this way showed great reproducibility, especially 
in the case of glucose utilization. 

All cultures were examined microscopically every day. This necessitated no inter- 
ference with their environment except when media were sampled or changed. Areas 
of fibroblastic and epithelial migration were qualitatively noted, as weU as the extent 
of changes such as rounding of cells, vacuolation, liquefaction, or focal or generalized 
degeneration. The migration rate of cells was estimated when desired by measure- 
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ments on camera lucida drawings of explants. At the end of each experiment the 
cultures were fixed, the coverslip was removed by immersion in acetone, and the tissue 
was stained with Harris’ hematoxylin and mounted. Microscopic examination was 
then made and in certain cases mitoses were counted in groups of 1000 peripheral 
cells. Typical mitotic counts are given in Table HI. 

Ordinarily, tissue cultures under standard conditions grew normally for at least 3 
days with mitoses decreasing on the 3rd day. After 5 days mitoses were usually 
absent in unchanged media, and rounding or vacuolation had begun, but little frank 
degeneration occurred until later. During the period of most active growth the daily 
radial increase was 0.5 to 0.8 times the radius of the explant, and about 1.5 per cent 
of the cells were in mitosis. 

Analytical Methods. — ^All determinations of changes in composition of media must 
of course be controlled by parallel determinations on original media. This is espe- 
cially true since observed values for some metabolites in Baker’s solution differ from 
those in solution in water. A substantial non-glucose-reducing value is found which 
is not diminished by tissues in the absence of glucose, and for which corrections must 
be applied. Interfering substances also give values for lactate, and affect lactate 
determinations so that special modifications are necessary. The metabolites listed 
below were determined by the following methods. 

Glucose. — Folin’s micro method using potassium ferricyanide reduction, as adapted 
for the Evelyn photoelectric colorimeter. 

Total Nitrogen. — ^Kjeldahl digestion and distillation followed by titration with 
0.02 N alkali. 

Amino Nitrogen. — The Van Slyke gasometric procedure, using the manometric 
gas apparatus. 

Ammonia Plus Urea Nitrogen. — ^The manometric sodium hypobromite method of 
Van Slyke (18). 

Lactic Acid. — The gasometric procedure of Avery and Hastings (19), using the Van 
Slyke manometric apparatus, was first employed. For reasons of greater specificity 
and convenience our later determinations have been done by Edwards’ modification 
of the aeration method of Friedemann, Cotonio, and Shaffer (20, 21). We further, 
altered the procedure partly according to the suggestions of Friedemann and Kendall 
(22) for peptone media, using 0.06 m phosphoric acid and 0.025 n potassium per- 
manganate. Each of these methods was carefully developed as to time of reaction, 
etc., to give nearly quantitative recovery of lithium lactate added to Baker’s solution, 
and substantial agreement was obtained when both methods were applied to the same 
solution. Even so, our results are indicative of changes in lactate rather than true 
values, and are probably accurate to not more than ± 10 per cent. 

Pyruvate. — ITie bisulfite-binding method of Clift and Cook (23). 

Preparation of Amino Acid Solution. — ^Witte’s peptone was hydrolyzed with 20 
per cent sulfuric acid until amino nitrogen had risen to an almost constant level of 78 
per cent of the total nitrogen. Barium hydroxide was added to pH 7, and the pre- 
cipitate of barium sulfate filtered off and washed. The filtrate was again carefully 
adjusted with sulfuric acid and barium hydroxide to the lowest obtainable content of 
both barium and sulfate ions. The final filtrate was concentrated as far as possible 
without causing precipitation of insoluble amino adds. 
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SUMMARY 

1. The metabolism of chick embryo tissues has been followed by analysis of 
the culture media after various periods of incubation in roller bottles. 

2. The initial rate of glucose utilization is increased by increasing glucose in 
the medium from 100 to 500 mg. per cent. Total glucose used can be increased 
in the same way or by daily addition of small amounts. Glucose is used in 
greatest amount when the medium containing 100 mg. per cent is replaced 
daily. 

3. Although glucose consumption appears necessary for survival of cultures 
it may be used at a rate far in excess of that required for life and maYjmal 
growth. Complete blocking of mitosis by colchicine does not alter the rate of 
glucose utilization. 

4. Proteolytic activity of the cultures is shown by an incr^se in the amino 
nitrogen of the peptone medium after incubation with tissue. 

5. Utilization of nitrogen from an amino acid medium is shown by a decrease 
in the amino nitrogen of this medium. Cells obtaining their nitrogen from 
amino acids proliferate as rapidly as those grown in a medium identical except 
for the substitution of peptone, but the cell t 5 rpe is markedly different, in that 
embryo muscle forms cells resembling regenerating adult muscle. 

6. Lactic acid was formed in both the presence and absence of glucose. Its 
formation increased with increased glucose utilization. There is some evidence 
that lactate may be utilized, and that it favors growth in the absence of glucose. 

7. Added pyruvate was rapidly metabolized by the tissues. It, too, favors 
growth slightly in the absence of glucose. 
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THE INFLUENCE OF DETERGENTS ON SOME PHYSIOLOGICAL 
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Introductory Remarks about Some Physicochemical Properties of Detergents 

The detergents are a special group of nonpolar-polar surface-active organic 
electrolytes. They reduce the interfacial tension not only between water and 
air, but also between water and certain organic liquids. Their molecules are 
composed of two portions, one polar hydrophilic, which has a tendency to anchor 
the molecule to water, and one nonpolar hydrophobic organophilic, which is 
attracted towards the non-aqueous phase. The result is a molecular orientation 
at the interface due to the opposing forces. These can be, more or less, in balance 
according to the strength of the alternative affinities. In general, an increase of 
hydrophilic affinity in the interfacial array of the nonpolar-polar molecules will 
lead to a stronger pull on the nonaqueous phase toward the water and may have a 
disintegrating or a dispersing effect. Stronger organophilic properties on the 
other hand will favor a wetting action; viz., the fixation of a film of water on the 
nonaqueous phase or on its separate components. Regarding especially the 
interface between a cell and its surroundings or the intracellular interfaces, 
hydration, swelling, and dissolution can be due to the wetting action on the 
colloidal structures or the micellae (Katz, 1933-34; von Kuthy, 1931; H6ber 
and Moore, 1939). Protein molecules are unfolded or disrupted by the pull and 
thus denatured (Anson 1939; Mirsky, 1938). In conjugated proteins the bonds 
between the protein part and the prosthetic group are severed (Anson, 1939; 
Kuhn, 1940), viruses and enzymes are inactivated, and the final result of such 
effects on cells is cytolysis. 

However, cytolysis is brought about also by other chemical means. Inorganic 
ions, including H and OH, produce cytolysis chiefly by their influence on proteins, 
either by changing their ionization and consequently their attraction of water dipoles 

* It is a pleasure to acknowledge the support of this work by the Ella Sachs Plotz 
Foundation, the American Philosophical Society, and the Faculty Research Com- 
mittee, University of Pennsylvania. A preliminary report has been published in 
Proc. Soc. Exp. Biol, and Med. 1941, 47, 39. 

The detergent compounds used were kindly supplied by E. I. du Pont & Company, 
by the American Cyanamid Company, and by Riedel-de Haen, Inc. 
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or by changing their solubility and forming precipitates. A third group of sub- 
stances significant for their cytolytic power are the anesthetics. Though belonging 
to most divergent classes of chemicals, they are united into one group by their com- 
mon physicochemical property of being soluble, m “lipoids.” Some of them are de- 
void of polar groups, (e.g. hydrocarbons, halogc^ted hydrocarbons, ethylchloride, 
ether); they fail to reduce the interfacial tension between water and an organic 
liquid (olive oil, benzene) (Lazarew, Lawrow, and Matwejew, 1930; Meyer and 
Hemmi, 1935). Their cytolytic power, which, in general, appears only in higher 
concentrations, probably can be accounted for mainly by their affinity for the cell 
lipoids. Other anesthetics have a moderate nonpolar-polar molecular structure, 
(e.g. alcohols, ketones, amides), and, due to this property, they lower the interfacial 
tension. In this respect they resemble the detergents. However, the detergents 
are strong or fairly strong electrolytes, the anesthetics are nonelectrolytes. This 
important difference may be eiq)lanatoiy of the characteristic effects of the detergents, 
in which not only the opposing van der Waals forces, the hydrophilic and the hydro- 
phobic affinities are involved, but also electrostatic forces. In other words, anes- 
thetic power can be exhibited by nonpolar or by moderately nonpolar-polar nonelec- 
trolytes, detergent power by nonpolar-polar electrolytes. 

So far there has not been much study concerning the physiological effects of 
detergents, except the bile salts, which also are nonpolar-polar electrolytes. 
This paper will deal chiefly with bile salts, with higher sulfated alcohols, and 
with alkyl esters of sulfosuccinic acid. 

Correlation between the Surface Activity and the Cytolytic Power of Detergents 

The surface activity of the detergents was measured by the drop count 
method, the lowest concentration being determined, which gave a value dif- 
ferent from water. The cytolytic power toward red blood corpuscles was 
determined by mixing 0.1 ml. of beef blood and 10 ml. 0.9 per cent NaCl solu- 
tion containing the detergent in concentrations decreasing stepwise to zero. 
During and after sedimentation of the red cells at room temperature it was 
observed, at what concentration after several hours the supernatant fluid just 
appeared colored by hemoglobin or remained colorless. In order to measure 
the cytolytic power of the detergents towards muscles, it was found adequate 
to ascertain die minimal concentration, which produces an injury potential, 
when one end of a sartorius muscle is in contact with Ringer, the other with 
Ringer plus detergent. Whereas hemolysis such as evidenced by the escape 
of hemoglobin is irreversible, the myoly tic method allows one to study in how 
far the potential changes by their reversibility may be indicative of alterations 
of the muscle fibers comparable to those changes, which, in a previous study, 
have been considered analogous to normal physiological events associated with 
muscle and nerve activity (Hdber et al.^ 1939) . 

In this way approximate threshold values for a number of detergents were 
obtained. In Table I they are listed as molar concentrations. 
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It is obvious from the table that the threshold values for the surface activities 
and the cytolytic activities, on the whole, run parallel to each other, as could 
be expected. But what was unexpected is that the numerical values for these 
activities are in as good agreement as they really are shown to be by our 
experiments, although the threshold change in the molecular arrangement at 
the interfaces air-water, muscle-water, and red cell-water is measured, respec- 


TABLE I 

Threshold Concentrations in Mol./L X 10^ of Surface^ Hemolytic^and Mydytic Activity of Some 

Detergents 


Substance 

Molecular 

weight 


Hemo 

Threshold 

concentra- 

tion 

lysis 

Sub- 

threshold 

concentra- 

tion 

Injury 
potential 
concentra- 
tion and 
reversibil- 
ity 

Activation 

of 

stellate 

cells 

Alkyl sodium sulfates (du 







Pont) 







Dodecyl 

288 

1 

0.7 

0.25 

2.4 -h? 

1 

Lauryl 

274 

3 

0.8 

0.5 

3 


Decyl 

260 


3 

2.5 

10 -f? 

1-5 

Octyl 

232 


45 

30 

80 -f? 


Dialkyl sodium sulfosucci- 







nates 







(Amer. Cyanamid Co.) 







Dioctyl (Aerosol OT) 

444 

0.7 

0.7 

0.3 

0.7 + 

5 

Dihexyl ( « MA) 

388 

12 

13 

3 

16 + 

50 

Diamyl ( “ AY) 

360 


17 

15 

14 + 


Dibutyl ( “ IB) 

332 

^60 

^^75 

60 

75 + 


Bile salts 







Sodium taurocholate 

537 


10 

5 

20 -1- 

0.3-O.6 

Sodium glycocholate 

487 


10 

5 

20 + 

0.3 

Sodium dehydrocholate 

424 

No effect 

100 


100 

100 

• 



(no effect) 


(no effect) 

(no effect) 


tively, by the change of the interfacial tension, the change of the permeability 
of a plasma membrane to ions, and the change of the permeability to hemo- 
globin. Furthermore, in the table is shown the significant fact that the 
development of the injury potentials is a reversible process; viz.j that upon 
substituting plain Ringer for the detergent solution, the injury effect disappears. 
However, the recovery takes a longer time or it requires rinsing the muscle 
more than once, when the alkyl sulfonates have been applied instead of the 
alkyl sulfosuccinates or the bile salts. This recovery can be considered — 
generally speaking — as a rearrangement of the molecules in the interfacial 
layer, when, caused by a stronger or a weaker attachment of the nonpolar 
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C-atom chains, the membranes are subjected to dispersing or to hydrating 
forces of variable magnitude. This will be discussed in more detail in a follow- 
ing paper.^ 

Effects of Various Concentrations of Detergents upon the Microscopic Appearance 

of Stdlate Cells 

The Problem— In this paragraph a more detailed study of the influence of 
some detergents upon one particular system of active cells, the Kupffer cells 
or stellate cells of the liver, will be described. The starting point is the fol- 
lowing group of observations. The isolated frog liver, when perfused with 
Ringer solution with the addition of a very small amount of dye, has been 
found to excrete in the bile a great number of various dyestuffs; several hundred 
or even more than a thousand times concentrated these appear for hours in a 
cannula fixed in the gallbladder (Hober and Titajew, 192S\ Hdber, 1939). 
In contrast to this process, under the same experimental conditions the liver 
loses its well known capacity to store in its stellate cells fine suspensions and 
colloidal material, but regains it after the addition to the perfusion fluid of a 
small amount of serum (Hdber, 1940). There are several interpretations, as 
will be discussed later. This study was chiefly suggested by the work of Clark 
(1913) on the ‘‘hypodynamic state” of the frog heart, which loses its activity 
after being perfused for a few hours with Ringer solution, and which can be 
reactivated by the addition of small amounts of serum. In a thorough in- 
vestigation this benefidal action of serum was shown by Clark to be due not to 
its proteins, but to its small content of lipoids, to lecithin, and to soaps of the 
higher fatty acids (Cio to Cis), briefly, as we may say now, to substances be- 
longing to the class of nonpolar-polar organic electrolytes. The reviving effect 
then may be thought of as being based on a slightly dispersing influence upon 
the cellular interfacial structures, which, when elicited with stronger and 
stronger concentrations, ultimately passes over from a beneficial effect into a 
disintegrating cytolysis. Correspondingly, the inactivation of the stellate 
cells by Ringer perfusion and the reactivation by serum may be looked upon as 
a hypodynamic state and its reversal. This hypothesis has been tested 
experimentally. 

Method . — ^The perfusion cannula was fixed in the abdominal vein at the inside of 
the body wall, after the vessels going to and coming from the liver had been blocked 

^ To what extent the effects of the detergent agents must be referred to the surface 
membranes of the cells or to the intracellular phase boundaries, is unknown. Many 
detergents, e.g. the alkyl sulfosuccinates, though being strong dectrolytes in dilute 
solution, are highly soluble in organic liquids. Aerosol OT, for instance, is soluble 
in many polar and nonpolar solvents. Therefore, suppose^y, their relative lipoid 
solubility also is high (see American Cyanamid Company, 1941). 
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by a mass ligature around cardia, porta bepatis, radix mesenterii, and rectum. The 
perfusion fluid, COrHCOs-buffered Ringer solution (pH 7.5), entered under a pres- 
sure of 8 to 10 cm.; the outlet was provided by cutting the sinus of the heart. The 
rate of perfusion was controlled throughout the experiment and was kept fairly con- 
stant by a screw clamp. 

More than 350 experiments on R. pipits (mostly females) were performed, mainly 
according to the following scheme: (1) For 30 minutes Ringer perfusion. At the end 
of this period the liver appeared to be more or less blood-free. (2) For 10 minutes 
Ringer with (or without) 2 per cent beef serum. (3) For 45 minutes the same plus 
0.02 per cent trypan blue Griibler (Akatos) or soluble blue R (du Pont) and, even- 
tually plus a test substance. (4) The three lobes of the liver, usually cut into small 
pieces placed in formalin and after 48 hours sectioned with the freezing microtom. 

In general, two to four frogs of the same batch, of rather the same weight and living 
under the same conditions, were compared. In order to exclude the effect of differ- 
ences in the activating power of the serum, the same serum was always applied to all 
the frogs of a given group. 

During the third period the liver turns blue, but often in the different lobes to a 
different color intensity. In general, slices of the corresponding lobes were compared 
in the microscopic investigation. 

In the majority of experiments, the classical dyestuff for intravital staining of the 
stellate cells, trypan blue, was used; only after recent failure, for unknown reasons, 
to reproduce the customary staining effect with new samples of the dye, we sub- 
stituted successfully the tr3^n blue by the likewise colloidal soluble blue R. 

RESULTS 

A, The Microscopic Picture in General 

The picture of a normal frog liver displaying an active system of stellate cells, 
as gained by this method, is briefly and on an average as follows: The slices 
show the striking pattern of a dark blue network covering more or less uni- 
formly the entire area of the slice, the meshes being filled mainly by the hepatic 
cells, and to a smaller extent by the empty lumina of the blood capillaries. 
The net seems more or less distinctly attached to the capillary walls and it 
looks as though composed of the homogeneously stained and irregularly shaped 
stellate cells, which partly project into the capillary lumina, whereas the islets 
of the genuine hepatic cells, which fill the meshes, appear colorless. Often 
along the capillary walls, where they are not occupied by the stellate cells, 
fine dark blue border lines are visible, possibly the flattened endothelium cells. 

But, as mentioned before, a picture like this fails to appear after perfusion 
with plain Ringer solution. On the other hand, due to several causes, even 
after a succeeding perfusion with Ringer plus serum the liver exhibits the 
network pattern in very non-uniform intensity of color. Most evident is the 
seasonal influence. Unlike the capacity of the liver to transport dyestuffs 
from a low concentration level in the perfusion fluid to a high level in the bile 
ducts, which, in general, can be demonstrated throughout the year, the system 
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of stellate cdls is more or less at rest during the winter months. But besides 
this regular periodicity, there occur irregularly gross or fine variations in the 
staining intensity. These, obviously, are indicative of differences in the ac- 
tivating potency of the sera, probably due to changes in the percentage of the 
nonpolar-polar substances mentioned before. It was for this reason, that the 
use of the same serum in a group experiment was necessitated and that control 
experiments were designed to show that a positive effect was due to the presence 
of a certain active drug and not to the serum. Thus, the microscopic sections 
sometimes did not show more than a gossamer network and small pale cells. 
Stronger effects were indicated by more color and by larger cell bodies, which 
often had an irregular shape and sometimes long processes. After a detergent 
had been perfused, the enlargement of the cells could approach pathological 
magnitude and even end in cytolysis as manifested by protoplasmic desqua- 
mated masses extending into the wider capillaries. This terminal state was 
often marked out as pathologic by the appearance of nuclear staining in the 
hepatic cells. 

B. Alterations of the Microscopic Picture caused by Detergents 

1. Sodium Salts of Conjugated Bile Acids {Glycocholate and Taurocholate ). — 
The bUe salts are known to be the most powerful choleretics. In our experi- 
ments they have been found also the most reliable among the detergents tested 
for producing an increased uptake by the stellate cells of the aforementioned 
colloidal dyestuffs. The bile salts were applied both as chemically pure prep- 
arations (Riedel-de Haen) and as commercial drugs (Kahlbaum, Merck). 
The optimal concentration was found to be 0.3 to 0.6 X 10^ molar. Among 
twenty-one double experiments, comparing the effect of Ringer-serum and of 
Ringer-serum plus bile salt, within this concentration range, eighteen resulted 
in an increase of the staining effect. That is to say, the network was more 
distinct and was spread more generally over the area of the slices than in the 
controls. Subsequent to an increase of concentration up to 3 and 7.5 X 10^ 
molar there appeared a coarse network filling rather to completeness the 
capillary spaces; often the single stellate cells appeared to be swollen. At about 
30 X 10^ much nuclear staining was observed, which extended more or less 
into the center of the islets of hepatic cells; d6bris of the stellate cells reached 
the larger vessels. Of great significance is the observation that in the absence 
of serum the bile salt appeared to be unable to promote the uptake of the dye. 

2. Dehydrocholate (Decholin Sodium ). — This substance is superior to the 
conjugated bile salts as a choleretic so far as the bUe volume is concerned, but 
it differs from them in that it decreases the content of the main characteris- 
tic bile components; it is therefore classified as a hydrocholeretic agent. Its 
effect is associated with a marked increase of blood flow in the hepatic artery 
(Grodins, Osborne, Ivy, and Goldman, 1941). We have studied the influence 
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upon the stellate cells, but up to a concentration of molar no effect was 
detectable. This can be correlated with the fact that decholin is neither 
surface-active nor has it a hemolytic or a myolytic power (Table I). The lack 
of a nonpolar-polar character probably can be accredited to the presence in the 
molecular ring system of three keto groups. 

3. Alkyl Sodium Sulfates. — ^Two members from this series of detergents 
have been studied, the dodecyl and the decyl compound. The concentrations 
producing a small, but definite effect have been found to be around 1 X 10^ 
and 1 to 5 X 10^ molar respectively. At a concentration of 10 X 10^ 
nuclear staining takes place in many hepatic cells. In two experiments this 
effect diminished from the periphery of the cell islets to the center. 

4. Dioctyl and Dihexyl Sodium Sulfosuccinate {Aerosol OT and MA ). — ^The 
threshold of the augmentation of the dyestuff uptake was found with OT near 
0.11 X 10^ molar, with MA near 1.3 X 10^. With OT and with MA at about 
10 times higher concentration much nuclear staining appeared. With 15 X 
10^ MA the stellate cells showed disintegration. 

5. In previous experiments concerning the capacity of the Ringer-perfused 
liver to discharge dyestuff in an amazingly high concentration (page 708), it 
was observed that this power can be reversibly depressed or extinguished by 
substituting for of the Ringer solution an equal part of an isotonic solution 
of certain nonelectrolytes (disaccharides, hexoses, pentoses, polyhydric alco- 
hols, amino acids) and certain organic electrolytes, particularly the salts of 
mono- and dicarboxylic acids (malonate, succinate, glutarate, malate, f umarate, 
gluconate, lactate) (Hdber and Moore, 1939; Valdecasas, 1931; Hober, 1932). 
We have tried to determine whether the same inhibitory effect can be demon- 
strated with the stellate cells. For this purpose we have chosen two substances 
which were found to be regularly and vigorously effective in the dye secretion, 
namely, sucrose and succinate. In eight experiments pairs of livers were 
perfused with Ringer plus serum plus 0.3 X 10^ molar taurocholate and to one 
of each of these pairs sucrose was added. In seven of these experiments there 
appeared a clear cut diminution of the staining effect; rts., the blue network 
was distinctly finer, compared to the control liver. In two experiments with 
0.11 X 10*^ molar Aerosol OT the same result was obtained. On the other 
hand, we failed to get an unambiguous response with succinate; three exp>eri- 
ments were positive, four negative. 

DISCUSSION 

The experiments described have provided evidence that in the incorporation 
of colloidal dyestuffs by the stellate cells a prominent factor is the presence of 
serum and that this activation is increased by the addition of nonpolar-polar 
organic dectroljrtes, like detergents including bile salts. Increase of activation 
is equivalent to a greater staining effect indicated not only by the depth of 
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color, but also by the enlargement of the cdls. A considerable enlargement, 
as brou^t about by higher concentrations of detergents, is doubtless a patho- 
logical appearance, which finally ends in (ytolysis. But, is there reason to 
assume that threshold staining effects can be correlated with a physiological 
functional activation of the stellate cells, — although apparently the micro- 
scopic method is rather inadequate in proving that a certain microscopic 
picture is the effect of a certain composition of the perfusion fluid? Let 
us recall that thre^old changes were judged only by comparing slices of 
pairs of livers, one affected by a certain change in the composition of the perfu- 
sion fluid, the other the control, or one influenced by a lower, the other by a 
higher concentration of a drug. After having averaged in this way the thr^- 
old changes, how can we answer the question as to whether such changes can be 
regarded as signifying a greater functional activity or the beginning of death? 
Certainly, we can recall the fact, that it is a common characteristic of living 
things that substances, which are stimulants in small doses, are deleterious in 
hi^er ones. In previous studies concerning the influence of nonpolar-polar 
substances upon the dyestuff secretion of the liver (H6ber and Moore, 1939; 
Hdber, 1940) we have observed that a certain minimum concentration of a 
detergent, which has been found prevailingly to increase the dyestuff transport, 
may also display the opposite influence. Such finding emphasizes the fact, 
that it can be essentially difficult to classify a phenomenon as still physiologic 
or as already pathologic. In order to avoid this dilemma as far as possible it 
is desirable to show that a threshold effect is a reversible process. Therefore, 
in our work we have laid stress upon showing that the injury potential, which 
can be brought about by powerful qrtolytics such as our detergents, if cau- 
tiously applied in minimum concentrations and for a short time can be decreased, 
eventually to zero, by rinsing the muscle with Ringer. But, as indicated in 
Table I, there are variations in the ease of reversibility, and a qu^tion mark 
means that recovery was brought about only slowly and after the injured end 
of the muscle had been flooded repeatedly with Ringer (see also Hdber et al., 
1939). Furthermore the reactivation of the hypod 3 mamic heart in the experi- 
ments of Clark (page 708) may be mentioned, although as yet only a few non- 
polar-polar substances which are normal components of the blood serum, have 
been shown to be effective. Finally, it may be recalled that 30 years ago Loeb 
found that surface-active agents, among them bile salts and higher fatty acids, 
administered to unfertilized sea urchin eggs induced cleavage and devdopment, 
whereas higher concentrations caused qrtolysis. 

Certainly, it would be most desirable in this connection to give direct proof 
that the threshold staining effect on the stdlate cdls is reversible. A aligh t 
contribution toward such proof is furnished by the observation of the antagon- 
ism of sucrose to the action of detergents (seepage 711) so strikingly diown 
in earlier eaqperimaits on dyestuff secretion by the liver. This experiment was 
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conducted for the following reason: it has been shown previously that a large 
group of organic nonelectrolytes and of organic anions, both of them hydro- 
philic because of the presence of a relatively great number of OH and of COOH 
radicals in their molecules, exhibit an antidispersing and dehydrating and 
shrinking effect upon hydrated colloids and have vigorous inhibitory but 
reversible influence on the capacity of the liver to secrete dyestuffs. In addi- 
tion there is another group of organic substances, nonpolar-polar, m., half 
organophilic and half hydrophilic, which is dispersing and therrfore cytolyzing, 
and which favors dyestuff secretion. This difference in distribution of physico- 
chemical properties suggested the possibility of selecting pairs of substances, 
which might antagonize each other in their influence upon the dyestuff secre- 
tion. In such experiments, as mentioned before, sucrose gave the expected 
effect, succinate did not. The reason for the latter result is unknown. 

Now, the question arises as to how to explain the favorable influence of 
serum upon the uptake of dyestuff. In this connection an important point is 
that, in contrast to the stellate cells, the secretory epithelia of the liver and of 
the tubular walls of the kidney are able to transfer dyestuffs from the blood 
vessels into and across their own substance whether serum is present or not. 
Evidently, the principal mechanisms of intake are different. Here it is sug- 
gestive to consider the well known phagocytic properties of the stellate cells 
and other representatives of the reticulo-endothelial system, which enable 
them to incorporate microscopic as well as submicroscopic particles, among 
these hemoglobin and other proteins. For several reasons, the latter can be 
assumed to form a film around the particles of the colloidal dyestuffs, thus 
predisposing the dyestuffs to adhere to the cell surface. However, this cannot 
be more than one factor in explaining the activating power of serum, since the 
detergents also must be taken into consideration. Perhaps, it is adequate to 
assume that the phagocytic mechanism cannot play its part, unless protein is 
present at the surface of the stellate cells. Two observations mainly can be 
cited in support of such a concept. As mentioned before, in the absence of 
serum the detergents, even the most reliable ones, the bile salts (page 710), are 
unable to stimulate the uptake of the colloidal dye into the stellate cells (page 
710). Under these conditions one finds the dye, especially soluble blue R, 
lined up along the walls of all vessels, not only the walls of the capillaries en- 
circling each islet of the hepatic cells, but also the walls of the larger vessels, 
their inner sides being covered by a fine blue coat, and the stellate cells remain- 
ing fairly invisible. This distribution of the dye is entirely different from that 
appearing subsequent to perfusion with the addition of the 2 per cent serum. 
The regular lining all around the islets and the regular dark contour on the 
inner wall of the larger vessels fail to be formed. Instead, the stellate cells, 
activated by the detergent to a heavy incorporation of protein, increase in 
volume and absorb with the protein a great load of dyestuff. In this way, on 



714 1NPLX7ENCE OF DETERGENTS ON PHYSIOLOGICAL PHENOMENA 


the one band, the dyestuff is diverted from the walls of many vessels. On the 
other hand, it is shifted to and accumulates in the enlarged stellate cells, which 
project into the capillaiy lumina and thus form the characteristic coarse 
network, as described above (page 710). 

Finally, one more feature in the microscopic picture of the stained stellate 
cells seems worth discussing. In our experiments, the stellate cells in general 
appeared homogeneously stained, whereas ordinarily they are described as 
containing the trypan blue in fine dark blue granules.^ Possibly our pictures 
could be interpret^ as being due to extensive impairment of function caused 
by the artificial perfusion of the isolated organ. However, rather the contrary 
may be true. The appearance of granules in cells stained with sulfonic acid 
dyestuffs such as those used in our experiments, in general is suspicious of a 
pathological condition of the protoplasm. As a matter of fact, the normal 
appearance of living cells, while absorbing and transporting dyes, is that of a 
homogeneous solution. Only when a living cell is overloaded by excess dye- 
stuff in the medium, does the formation of granules occur. This concept of 
the formation of granules is corroborated in a very convincing way by the 
observations of Chambers and Kempton (1933), regarding the secretory 
activity of the kidney tubules in explants of the mesonephros of chick embryos. 
In our own experiments, dyestuff transfer and accumulation in the secretion 
of the frog’s kidney and liver was followed over hours without displaying any 
sign of the dye being segregated in granules (see further Hober, 1935). The 
customary procedure for studying active stellate cells was and is to inject 
trypan blue and to observe the microscopic appearance not earlier than 1 or 2 
days later. With this procedure one gets the conventional picture with frogs. 
However, studying the microscopic distribution of the dye only a short time 
after its intravenous injection yields prevailingly the homogeneous coloration, 
as it appeared in our perfusion experiments. 

SUMMARY 

1 . After a consideration of the physicochemical properties of detergents, it was 
deemed worth while to study some of their physiological effects. As nonpolar- 
polar electrolytes, the detergents are surface-active and as such cytolytics; but 
probably due to their dispersing and wetting properties, they are cytolytic in a 
fashion different from that of other cytolytics. The detergents tested were 
alkyl sulfonates, alkyl sulfosuccinates, and bile salts. 

2. The cytolytic power has been tested in two ways, (1) with red cells by 
following the escape of hemoglobin, (2) with muscles by measuring the develop- 
ment of an injury potential. In both series of experiments the threshold con- 
centrations of action have been determined. The effect on the potentials has 
proved to be, in general, reversible. 

^ See, e.g., the colored plates in the article by Cappell (1929). 
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3. The hemolytic and the myolytic power run fairly parallel to the surface 
activity. 

4. Dehydrocholate has been found to be lacking in nonpolar-polar properties. 

5. The stellate cells (Kupffer cells) of the Ringer-perfused frog liver are 
unable to take up colloidal dyestuffs (trypan blue and soluble blue R), except 
after addition of a small amount of serum to the perfusing Ringer solution. 
Only under the latter conditions, the uptake of dye is increased by adding a 
detergent. This seems to be due to the combined action of the proteins and 
the detergents. 

6. The effect of relatively high concentrations of detergent is disintegration 
of the stellate cells; viz., cytolysis. There are reasons to assume that small 
concentrations, which produce a threshold increase of the dyestuff uptake, raise 
the functional activity. 
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In the course of an experimental program dealing with the question of the 
relation of respiration to energy transfer for cell division in Arbacia eggs, it has 
been reported, in previous papers of this series, that these eggs contain a num- 
ber of substances which are known to be concerned in the oxidative breakdown 
of carbohydrate in animal cells. 

To facilitate evaluation of the quantitative importance of various enz}rme 
systems in the metabolism of the living egg it was important to establish, under 
conditions exactly comparable to those used for determination of the com- 
ponents of the respiratory chain in Arbacia: (g) the amounts of various types 
of carbohydrate present in the eggs, and especially the fraction of this carbohy- 
drate which was in the form of glycogen and possibly subject to the sequence of 
metabolic reactions which begins with the phosphorylation of glycogen (1), 
and (b) the extent to which carbohydrate was used as a metabolic substrate at 
various stages of egg development. 

Confirming the observations of Perlxweig and Barron at Woods Hole during 
the season of 1927 (2), it has been found that Arbacia eggs contain a consider- 
able amount of acid-hydrolyzable carbohydrate, but no free reducing sugar. 
In confirmation of the unpublished experiments of Blanchard (3) which were 
also performed during the season of 1927, it has been found that Arbacia 
contain an alkali-stable, alcohol-precipitable carbohydrate. In extension of 
previous work, it has been found that this substance, which corresponds in its 
color reactions, yield of reducing sugar on acid hydrolysis, and optical rotation 
to the glycogen from other animal tissues, accounts for about one-half of the 
total carbohydrate of unfertilized Arbacia eggs. 

It has also been found that, diuing the first few hours of development while 
cell division was actively proceeding, the fraction of the total carbohydrate 
which was oxidized or converted to lactic acid was very small. Indeed, with 
certain samples of eggs, there appeared to be, within the limit of accuracy of 
the experimental method, no carbohydrate consumption during the first 3 to 6 
hours of development. Under these conditions a substantial proportion of the 
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oxygen consumption could be provisionally accounted for, on the basis of meas- 
urements of concurrent ammonia production, by oxidation of protein. 

Experimental Methods 

Mature Arbacia eggs were obtained at Woods Hole during June, July, and 
August, 1941. They were shed, washed, and, where necessary, fertilized as 
described in previous papers of this series. 

Analysis for Total Carbohydrate . — ^The eggs were prepared for carbohydrate analy- 
sis, and the wet weight and nitrogen content determined either by total nitrogen 
analyses or by calculation from hematocrit values as described below in the section 
on egg number-volume-weight-nitrogen content-conversion factors. To find the 
total carbohydrate, the eggs were packed by centrifuging in a 15 cc. tube, taken up 
in 1 N HCl, and hydrolyzed for 1 hour in a boiling water bath. Confirming Perlzweig 
and Barron, it was observed that longer hydrolysis yielded no more reducing material. 
The proteins and protein cleavage products were precipitated by adding an equal 
volume of a solution 0.2 M in mercuric acetate, and 0.2 m in HCl; the excess mercury 
was removed with H 2 S, and the H 2 S removed with an air stream. An aliquot of the 
solution was then neutralized, made to a known volume, and filtered to remove 
echinochrome.^ The reducing material was then determined either by the Folin-Wu 
(4) copper method or by the Folin (5) ferricyanide method. When both methods 
were applied to the same sample, they always yielded the same values for egg-reducing 
material (see Table II). Permutit and Lloyd’s reagent were used in an effort to 
detect and remove any non-specific reducing materials, but the reducing values 
obtained after such treatment were the same as before. 

Determination of Glycogen . — Glycogen was isolated from the unfertilized Arbacia 
eggs by the following version of Pfliiger’s (6) method: The packed eggs were mixed 
with 1 volume of 60 per cent NaOH solution and hydrolyzed for 3 hours in a boiling 
water bath. Longer hydrolyses up to 6 hours did not change the glycogen values 
obtained from a given egg sample. The mixture was then diluted with an equal 
volume of water, and alcohol added to give a final concentration of 66 per cent by 
volume. The glycogen was allowed to precipitate in the ice box, usually overnight, 
centrifuged down, and dried. For volumetric analysis, the glycogen was redissolved 
in water and aliquots were subjected to hydrolysis and sugar analysis as described 
above. For polarization analysis, the glycogen samples were reprecipitated several 
times with alcohol and partially decolorized with charcoal. For the comparison 
analyses of Table V the samples for volumetric analyses were withdrawn, after the 
readings, directly from the polarimeter tube. 

Following the suggestion of Blanchard (3) a number of egg samples were extracted 
repeatedly with a 50-50 mixture of ethyl alcohol and ethyl ether, then dried, before 
the alkaline hydrolysis. This procedure, which was employed to remove lipoidal 

1 Further investigation of the conditions for echinochrome removal showed that 
in order to obtain optimum precipitation, the solution had to be at least 0.75 m in 
NaCl (or its equivalent in ionic strength) and at a pH above 6; the presence of divalent 
ions, such as calcium or magnesium, also favored precipitation of the echinochrome. 
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materials which might interfere with subsequent precipitation of the glycogen from 
alcohol, caused a loss of approximately 25 per cent of the total carbohydrate of the 
egg, and did not improve the glycogen yields or the purity of the isolated glycogen. 

The optical rotations were measured in a 2 dm. tube on a polarimeter reading to 
±0.05°, using the most concentrated solution of glycogen which would transmit 
sufficient light to permit matching of the fields of the polarimeter. Ten observations 
by each of two operators were made on each solution. The maximum variation of 
readings by individual observers was ±0.1°. 

Procedure for Metabolic Determinations , — ^The eggs were obtained, washed, and 
fertilized in a large volume of sea water, 95 to 100 per cent fertilization being ob- 
tained in each case. The fertilized eggs were allowed to settle, the supernatant sea 
water removed, enough 0.11 M pH 8.0 glycylglycine buffer (330 mg, glycylglycine 
plus 1.2 cc. M NaOH to 25 cc. with sea water) added to give a final concentration of 
0.01 M, and the volume adjusted to give the desired per cent of eggs by volume. For 
experiments with normal eggs, the main compartment of each Warburg flask received 
2.0 cc. of a 3.0 per cent egg suspension. When 4,6-dinitro-o-cresol was used, each 
flask received 2 cc. of a 1.5 per cent egg suspension plus 0.1 cc. of a solution of 4,6- 
dinitro-o-cresol in sea water. The center cup received 0.5 cc. of 2.5 n HCl, and the 
side arm 0.5 cc. of freshly filtered, saturated, barium hydroxide solution. The flasks 
were placed in the bath at 30 minutes after fertilization and equilibrated, at 20° C., 
with air as gas phase, for 20 to 30 minutes, a number of preliminary manometric 
readings being taken during this time. The initial reading for the actual determina- 
tion was taken at 50 or 60 minutes after fertilization. Each determination was 
made in duplicate, the first pair of flasks having the contents of the main vessel, 
center cup, and side arm mixed immediately following the initial reading, with subse- 
quent pairs being similarly treated at the times shown in the tables. The flasks were 
shaken at 60 cycles with a 4 cm. amplitude. Under these conditions, the eggs were 
just at the point of first division at 1 hour after fertilization, the time at which measure- 
ments began, developed to swimming blastulae at 10 hours, gastrulae at 15 hours, and 
short-armed plutei at 24 hours. The shaking rate was shown to be adequate for 
maintenance of oxygen equilibrium and the average oxygen consumption for every 
sample of eggs fell very close to the average value of 3.1 c.mm. per 10 c.mm. eggs per 
hour as observed in this laboratory for several years. 

At the end of the experiment, the total contents of each duplicate pair of Warburg 
flasks were carefully rinsed into a 10 cc. volumetric flask and made to volume. Suit- 
able aliquots from each sample were then analyzed for sugar by the Folin ferricyanide 
method as described above, for lactic acid by the colorimetric method of Barker and 
Summerson (7), and for ammonia by nesslerization of the distillate obtained after 
1 hour aeration of alkalinized samples by the technique of Folin (8). 

experimental results 

Nitrogen Content in Relation to Number ^ Volume^ Wet Weight, and Dry Weight 
of Arhacia Eggs. — For comparison of the present data with that presented on 
various phases of Arhacia egg metabolism in previous papers of this series and 
by other investigators, it was desirable to know the nitrogen content of the eggs 
under the present conditions of experiment. For this purpose, unfertilized 
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Arbacia eggs were, as in the actual experiments, freed of ovarian material by 
sifting through two layers of cheese cloth, then washed by allowing them to 
settle through two changes of sea water. The percentage of eggs by volume 
in the suspension used in any experiment was measured by the hematocrit 
method previously described (9). An aliquot of the egg suspension was re- 
moved for total nitrogen analyses, digested, and nesslerized by the micro 
Kjeldahl method of Folin (10), the color being measured photoelectrically at 
400 m/i. Another aliquot from the same suspension was packed by centrifug- 
ing for 5 minutes at 2000 gravity in a tared 15 cc. centrifuge tube terminating 
in a 5 mm. capillary. The supernatant sea water was carefully drawn off by 
suction, the last portions of extraneous sea water being removed from the inside 
of the tube with filter paper. The tubes were weighed with contents and then 
dried to constant weight at 110®C. 

The results of four experiments are given in Table I. By the present method, 
the eggs were found to contain 23.9 per cent of the measured wet weight as 
solids, or 25.9 per cent of the wet weight calculated from the egg volume and a 
density of 1.09 as solids. In 1909 McClendon^ (11) reported the solid content 
of unfertilized eggs to be 22.6 per cent. In 1940 Ballentine (12) reported 265 
mg. dry weight per cc. eggs (volume determined by diameter measurements on 
individual eggs in conjunction with egg counts) ; on the assumption of an egg 
density of 1.09 (13), this gives 24.2 per cent solids. 

Ballentine also reported 0.107 mg. nitrogen per mg. dry weight, which is es- 
sential agreement with the value of 0.101 mg. nitrogen per mg. dry weight found 
in the present experiments. If the average value of 95,000 eggs per cc. of 2 per 
cent eggs, used in this laboratory for several years (9), is converted on the basis 
of the data of Table I a figure of 5.93 mg. nitrogen per 10® cells is obtained; 
Ballentine found 5.86 mg. nitrogen per 10® cells. Since the data of Table I 
appear, therefore, to be in satisfactory agreement with previous data, the fac- 
tors for nitrogen per unit of egg volume or per number of cells being particularly 
reproducible, no further experiments of this type were made. 

On the basis of Ballentine’s data and that of Table I, unfertilized Arbacia 
eggs contain approximately 63 to 67 per cent of the dry weight as protein. 

Total Carbohydrate Content of Arbacia Eggs . — ^The results of twenty-one 
determinations of the total carbohydrate content of Arbacia eggs are given in 
Table II. The average figure was 1 10 mg. carbohydrate (calculated as glucose) 
per gm. egg protein. 

It will be noted that the values obtained during the early part of the season 
tend to be lower than those obtained later. This may be in part connected 

^ In a previous paper of this series the solid content of Arbacia eggs was taken to be 
18.1 per cent, as quoted from McClendon by Harvey (see Harvey review (3)). This 
is the solid content calculated from data on various egg fractions obtained by centri- 
fuging. The figure given by McClendon for the solid content of the whole egg was 
22.6 per cent. 



TABLE I 

Totai NUrogen and SoUd ContetU of UnfertiUMod Eggs of Arbacia punctidaia 


Date 

Egg vol- 
ume by 
hematocrit 

Egg wet weii^t 


Total egg 
nitrogen 

Per cent dry weight 

1 

Nitrogen 
per cc. 
of eggs 

Nitrogen 
per mg. 
egg,<^ 
weight 

Calculated 

from 

density of 
1.09 (12) 

Found 

Calcu- 

lated 

Found 


ee. 

mg. 

mg. 

mg. 

mg. 



mg. 

mg. 

7-n3-41 

0.272 

296 

323 

76 

7.7 

25.6 

23.6 

28.2 

Mimi "B 

7-3-41 

0.435 

473 

522 

128 

12.1 

27.0 

24.5 

27.8 


7-3-41 

0.465 

505 

575 

142 

13.1 

28.2 

24.7 

28.1 


7-3-41 

0.370 

402 1 

406 

92 


22.9 

22.7 

28.4 


Mean 

25.9 

23.9 

28.1 



TABLE II 


Total Acid-IIydrolyzable Carbohydrate Content (As Glucose) of Eggs of Arbacia punctidaia 


Date 

Eggs unfertilized 
(U) or at 1 hr. 

Total nitrogen 
of eg^^mple 

1 Protein in 
egg sample 
(NX 6 25) 

Total glucose in egg sample 

Glucose per 
gm. of egg 
proteint 

after fertilization 
(F)at20*C. 

By ferricya- 
nide method 

By copper 
method 



mg. 

mg. 

mg. 

mg. 

mg. 

6-21-41 

u 

0.51 

3.19 

0.243 


76 

6-24-41 

u 

1.39 

8.69 

0.814 


94 

6-26-41 

u 

0.47 

2.93 

0.229 


82 

7-9-41 

u 

0.95 

5.94 

0.597 

0.603 

0.613* 

101 

7-9-41 

u 

1.38 

8.62 

0.873 

0.855 

0.857* 

98 

7-9-41 

u 

1.32 

8.25 

0.925 

0.917 

0.937* 

99 

7-9-41 

u 

1.61 

10.1 

1.20 

1.17 

1.19* 

119 

7-16-41 

u 

5.17 

32.3 

3.62 

3.56 

111 

7-24-41 

u 

7.07 

44.2 

4.13 


94 

7-30-41 

F 

1.69 

10.6 

1.01 


96 

8-2-41 

F 

0.85 

5.3 

0.78 


147 

8-21-41 

F 

1.69 

10.6 

1.53 


145 

8-23-41 

F 

1.69 

10.6 

1.53 


143 

8-24-41 

F 

1.53 

9.6 

0.91 


96 

8-25-41 

F 

1,69 

10.6 

1.48 


140 

8-27-41 

F 

1.69 

10.6 

1.48 


140 

8-28-41 

F 

1.12 

7.0 

1.44 


136 

8-29-41 

U 

2.24 

14.0 

1.58 


113 

8-29-41 

u 

2.26 

14.1 

1.80 


128 

8-29-41 

u 

4.11 

25.7 

3.21 


125 

8-29-41 

u 

5.26 

32.9 

4.02 


122 

Mean 

no 


* After treatment with Lloyd’s reagent, 
t Average of all determinations on the sample. 
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with the fact that eggs used after August 1st came, in the majority of cases, from 
urchins which had been stored in aquaria inside the laboratory for periods of 2 
to 4 weeks; the eggs used in the early experiments came from urchins stored for 
only a few days in the laboratory. 

No reason can be given for the fact that the present carbohydrate values are 
twice as high as those reported by Perlzweig and Barron, especially since the 
methods for hydrolyzing and determining carbohydrate, removal of interfering 
substances, and determination of egg nitrogen content were essentially the same 
in the two investigations. In view of the variation among the separate de- 
terminations of Table II, the discrepancy may possibly be attributable to varia- 
tions in the source and handling of the urchins. 

The egg hydrolysates, after removal of interfering substances by the mercuric 
acetate precipitation, did not reduce neutral or acid ferricyanide solutions. 
Also, confirming Perlzweig and Barron (2) and Blanchard (3), typical gluco- 
sazone crystals appeared in concentrated hot egg hydrolysates at the same rate 
as in known glucose solutions of the same reducing power, and melted simul- 
taneously with known glucosazone crystals at 204®C. (uncorrected). How- 
ever, not all of the total carbohydrate was glucose, since the presence of some 
pentose was shown by formation of furfural on boiling the isolated sugar with 
concentrated HCl. 

It was of interest to determine how much of the reducing carbohydrate might 
arise from the jelly surrounding the eggs. To investigate this question the 
following experiment was conducted. 

A suspension of eggs was divided into two parts. One part was analyzed in the 
usual way, giving 1.15 mg. glucose and 14.0 mg. protein; i. e., 82 mg. of glucose per 
gm. of protein. The eggs in the other part, after packing by centrifugation and 
removal of the supernatant sea water, were shaken gently in isotonic NaCl (0.55 m), 
packed, and the supernatant NaCl solution decanted. The eggs were washed again 
with isotonic NaCl and the two NaCl washings combined. The eggs, freed of jelly, 
were then analyzed as before, giving 1.32 mg. glucose and 14.7 mg. protein; i, e., 
90 mg. of glucose per gm. of protein. The NaCl solution containing the jelly was 
evaporated to 25 cc. This solution contained no demonstrable reducing material, 
but was found to contain the nitrogen equivalent of 1.56 mg. protein. Adding the 
nitrogen found in the jelly to that found in the eggs from which it was removed gave 
a total of 16.3 mg. protein which, divided into the glucose found in the eggs, gave 
81 mg. of glucose per gm. protein. 

This experiment was repeated with similar results. It seems clear that the 
jelly, though accounting for about 10 per cent of the nitrogen of the eggs, con- 
tains only an inappreciable fraction of the hydrolyzable reducing sugar of the 
eggs; thus, the reducing carbohydrate is in the egg where it is a potential source 
of energy. 

Glycogen Conteni of Arbacia Eggs . — ^The results of a number of glycogen de- 
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terminations on unfertilized Arbacia eggs are given in Table III. The glycogen 
content here observed (40 to 57 mg. per gm. egg protein) is of the same order 
as that (50 to 80 mg. per gm. egg protein) obtained in the unpublished experi- 
ments of Blanchard (see (3)). It is also of the same order as that found in the 
eggs of the European sea urchins Paracentroius lividus and Echinus esculentus 
(see Orstrom and Lindberg (14) for a summary of the total carbohydrate and 
glycogen contents of these eggs). 

Since only about one-half of the total hydrolyzable carbohydrate was ac- 
counted for as glycogen, recovery of a known amount of glycogen was at- 
tempted. 

2 aliquots of eggs from the same batch were carried through the procedure for 
glycogen isolation. The first sample, containing 4.03 gm. wet eggs, gave 66 mg. total 


TABLE III 

Glycogen Content of Unfertilized Arbacia Eggs 


Date 

Total acid-hydrotyaable 
carbohydrate (as glucose) 
per gm. of egg protein 

Glycogen (as glucose) 
per gm. of egg protein 

Ratio of glycogen to total 
acid-hydrolyzable 
carbohydrate 


mg. 

mg. 

per cent 

6-24-41 

94 

44 

47 

7-16-41 

109 

55 

51 

7-24-41 

94 

49 

52 

7-24-11 

109 

57 

52 

8-29-41 

113 

5 

45 

8-29-41 

128 

57 

44 

8-29-41 

125 

40 

32 

8-29-41 

122 

50 

41 


46 

. . 


glucose and 34.4 mg. glycogen (calculated as glucose); i. «., 52 per cent of total 
hydrolyzable carbohydrate as glycogen. To the second sample, containing 2.02 gm. 
wet eggs, glycogen (Pfanstiehl) equivalent to 31.3 mg. glucose (as shown by analysis) 
was added. On analysis, this second sample gave 47.5 mg. glycogen (calculatedas 
glucose), of which 17.2 mg. (0.5 X 66 X 0.52) came from the eggs and 30.3 mg. came, 
from the 31.3 mg. added, indicating a recovery of 97 per cent. 

Further experiment (Table IV) indicated that the principal loss of carbohy- 
drate occurred at the ether-alcohol extraction and the alcohol precipitation 
steps of the glycogen isolation, only a negligible loss being incurred during the 
alkaline hydrolysis. 

The glycogen isolated from unfertilized Arbacia eggs by the present procedure 
gave the expected red-brown color test with iodine solutions. Further evidence 
for the identity of Arbacia glycogen with that in other animal tissues was pro- 
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vided by experiments in which glycogen, after several alcohol precipitations, 
was estimated from its optical rotation before acid hydrolysis and also by the 
ferricyanide method after acid hydrolysis. Results of six experiments (Table 
V) show the average value obtained by hydrolysis to be 98 per cent of that 
obtained by rotation. 


TABLE IV 

Loss of Hydrolyzable Carbohydrate at Various Stages in the Isolation of Glycogen from Unfertilized 

Arbacia Eggs 



Total add-hydroli^ble 
carbohydrate (as glucose) 
per gm. of egg protein 

Cumulative loss of 
original glucose 

OriirinAl esTfifs. ... 

mg. 

109 

per eettt 

0 

Following drying with 50 per cent alcohol-50 
per cent ether 

82 

25 

Following alkaline hydrol 3 rsis 

80 

27 

Following precipitation with 66 per cent 
alcohol 

55 

50 


TABLE V 


Comparison of Glycogen Analyses by Measurement of Optical Rotation before Acid Hydrolysis 
with Those by the Ferricyanide Method after Acid Hydrolysis 


Rotation* 

Glycogen per cc. (calculated as glucose) 

Ratio of glucose by ferri- 
cyanide method to glucose 
by rotation method 

By rotation method 

By ferricyanide method 

degrees 

mg. 

mg. 

per cent 

0.7 

1.8 

2.0 

111 

1.1 

2.8 

2.5 

89 

1.9 

4.8 

4.4 

92 ' 

5.1 

13.0 

12.0 

92 

1.6 

3.1 

3.0 

97 

4.5 

11.5 

12.2 

106 

Mean 

98 



* Larger rotations could not be read because of the traces of color which could not be 
removed from the egg glycogen. The specific rotation of glycogen is 196 . 6^ (15). 


Metabolic Determinations . — ^Having established that Arbacia eggs contain a 
considerable amount of carbohydrate in a form presumably subject to use as a 
metabolic substrate, it was of interest to make a preliminary survey of the ac- 
tual carbohydrate consumption of the eggs as they developed under the con- 
ditions of experiment used in previous papers of this series. Measurements 
of carbohydrate consumption and of formation of various metabolic products 
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were made at intervals between 1 and 25 hours* after fertilization at 20®C. 
(Tables VI and VII.) 

The results indicate that during the first 3 to 6 hours of development, the 
period in which cell division is most actively proceeding, the fertilized eggs may 
or may not consume significant amounts of carbohydrate. Indeed, in two 
experiments (Nos. 89 and 91), there appeared to be little or no carbohydrate 
consumed in the 6 hour period between the 1st and the 7th hour of develop- 
ment. Since the experimental error in the glucose determinations was about 
=t 2 per cent, complete absence of carbohydrate consumption in these cases 
was not established, but the maximum carbohydrate consumption allowed by 
the error of the determination (at most 0.3 X 10“* moles glucose per gm. wet 
eggs) could not account for more than IS per cent at most of the oxygen con- 
sumption during the first 6 hours. From the ISth to the 24th hour, however, 
considerable amounts of carbohydrate were consumed by every egg sample. 

Of the carbohydrate consumed in any given instance, a negligible proportion 
was converted to lactic acid during the period from the 1st to the 24th hour of 
development. It is true, as pointed out by previous investigators (2, 3), that 
the eggs contain some lactic acid shortly after fertilization, but neither produc- 
tion nor consumption of lactic acid appeared to be of quantitative importance 
as energy-yielding processes for Arbacia eggs during their first 24 hours of 
development. 

In every experiment, Arbacia eggs were found to produce substantial amounts 
of ammonia. In a number of cases, the oxygen which would have been con- 
sumed in producing the observed amount of ammonia from complete oxidation 
of protein (see Dickens (16)) agreed with that actually consumed. This find- 
ing suggested that the eggs might derive a considerable fraction or, in the 
absence of carbohydrate consumption, all of the energy for early development 
from protein oxidation. 

Unfortunately, the situation is not so simple as this, since the oxygen con- 
sumption required for protein oxidation was, in a number of experiments, 

*The question of the degree to which bacterial growth may contribute to the 
metabolic values obtained at the 15th and 24th hours cannot be definitely answered, 
but it may be noted that the oxygen consumption of the various egg samples remains 
fairly constant from experiment to experiment, giving no reason to suspect chance 
bacterial growth. In control experiments, an attempt was made to detect and pre- 
vent any potential bacterial growth by use of a series of closely spaced concentrations 
of sodium ethylmercurithiosalicylate. As the concentration of this substance was 
increased, there was no effect on the respiration of the egg suspension until a con- 
centration of 5 X 10~® M was reached. Beyond this concentration, the respiration 
of the eggs was inhibited along a smooth concentration effect curve which gave no 
indication that any organism except the eggs was .contributing, during a 24 hour 
period, to the respiration of the egg suspension. 
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TABLE VI 


Oxygen Consumption, Carbohydrate Content, Lactic Acid Content, and Ammonia Nitrogen 
Content of Arbacia Eggs from the 1st to the 25th Hour of Development at 2(f C, 


Exp. No. 

Date 

Wet weight 
of eggs used 

Time after 
fertilisation 

Total oxygen 
consumed 

Total m 
carbohydrate 
content (as 
glucose) 





mg. 

krs. 

e. mm. 



Mf- 

45 

7-30-41 

66 

1 


1012 


20 




4 

51 

963 

No analyses 

34 




7 

110 

925 


45 




11 

222 

835 


54 




16 

352 

695 


63 




24 

563 

493 


71 

89 

8-21-41 

66 

1 


1530 

16 

20 




4 

52 

1490 

14 

31 




7 

124 

1530 

15 

36 





221 

1190 

19 

40 





463 

1060 1 

19 

44 





808 

985 

16 

71 

90 

8-23-41 

66 

1 


1505 

7 

22 


i 


4 

56 

1505 

7 

38 




7 

134 

1475 

7 

40 





232 

1475 

5 

40 




16 

413 

1440 

6 

58 




25 

877 

1135 

9 

75 

91 

8-24-41 

60 

1 


910 

9 

16 




4 

45 

900 

6 

7 




7 

117 

910 

6 

5 




11 

242 

905 

7 

. 40 




16 

364 

910 

7 

57 




25 

615 

683 

8 

94 

92 

8-25-41 

66 

1 


1480 

8 

40 




4 

61 

1390 

8 

55 




7 

152 

1400 

4 

55 



1 

11 

286 

1230 

5 

83 




16 

488 

1260 

6 

91 




25 

890 

1080 

7 

107 

96 

8-27-41 

66 

1 


1479 

15 

29 




4 

75 

1470 

6 

33 




7 

173 

1458 

6 

39 





326 

1375 

7 

59 




16 

425 

1310 

7 

55 




25 

798 

1023 

8 

112 
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TABLE \l— Concluded 


Exp. No. 

Date 

Wet weight 
of eggs uaed 

Time after 
fertilisation 

Total oxygen 
oonsumM 

Total egg 
carbohydrate 
content (as 
glucose) 

Total ^uc 
lactic acid 

Totaled 

ammonia 

nitrogen 



mg. 

hrs. 

c.mm. 


Mg- 

Mg- 

46* 

8-2-41 

33 

1 


775 

10 

13 




4 

52 

753 

10 

20 




7 

111 

722 

11 

25 




10 

164 

657 

11 

23 




16 

265 

620 

14 

54 




26 

] 

438 

548 

10 

113 

99At 

8-28-41 

44 

1 


1438 

5 

8 




11 

177 

1058 

6 

55 

B 



1 


1330 

5 

21 




11 

330 

1330 

4 

53 

C 



1 


1250 

6 

20 




11 

136 

1250 

6 

25 


♦All samples contained 1 X 10"* M 4,6-dinitro-o-cresol. 

t The A samples were normal eggs; the B and C samples contained 8 X 10"* M and 6.4 X 
10“* 1 C 4,6-dinitro-<M:resol, respectively. 


either greater or less than the oxygen consumption which was not accounted 
for by carbohydrate oxidation. For the periods in which the total oxygen 
consumption could not be accounted for by the sum of carbohydrate and 
protein oxidation (see particularly experiment 96, 1 to 7 hours), the oxidation 
of other substrates, e,g, fat, possibly accounts for the remaining oxygen con- 
sumed. In this connection, it is suggestive that the respiratory quotients for 
such periods were low. 

Clearly, much further work is required to establish the relative importance 
of various metabolic substrates in Arbacia egg development. For the present, 
the important point is that the Arbacia eggs in the separate samples consumed 
oxygen at essentially the same rate, and developed normally at the same rate 
irrespective of whether they used carbohydrate- or ammonia-yielding sub- 
stances as their principal sources of foodstuff. This suggests that if the 
energy for cell division of Arbacia eggs comes from a particular sequence of 
respiratory processes, this must be one which is common to both carbohydrate 
oxidation and protein oxidation, or one which is concerned with the utilization 
of some other substance not accounted for here. 

In previous experiments (9) it has been shown that 4,6-dinitro-()-cresol, when 
used in optimum concentration, can raise the oxygen consumption of fertilized 
Arbacia eggs to 3 or 4 times the normal level over a period of 3 hours. The 
present experiments show (Table VIII) that 8 X 10~® m or 10 ^ m 4,6-dinitro-(7- 
cresol, in raising the oxygen consumption by almost 100 per cent over a more 
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TABLE VII 


Relation of Oxygen Consumption to Carbohydrate Consumption and Ammonia Production in 
Normal Fertilised Arbacia Eggs at 2(PC,y As Calculated for 1 Gm, Wet Eggs^from the Data 

of Table VI 


1 

2 

3 

4 

5 

6 

7 

8 

9 

Exp. No. 

Period of 
measure- 
ment 

Oxygen 

consumed 

R . Q . 

Glucose 

used 

Oxymn 
equivalent of 
glucose used 

Ammonia 

nitrogen 

(NHi-N) 

formed 

Protein oxy- 
gen equiv- 
alent of 
ammonia 
nitrogen 

Sum of 
columns 

6 and 8 


krs. after 
fertilna- 
tion 

moles 

XIO* 


moles 

xio* 

moles X m 

moles X 10^ 

moles X 10* 

moles 

xio* 

45 

1 - 4 

3.45 

0.94 

0.41 

2.46 

1.51 

6.63 

9.09 


1 - 7 

7.44 

1.00 

0.73 

4.37 

2.70 

11.9 

16.3 


1-11 

15.0 

0.92 

1.49 

8.93 

3.68 

16.2 

25.1 


1-16 

23.8 

0.97 

2.66 

15.9 

4.65 

20.4 

36.3 


1-24 

38.1 

0.92 

4.36 

26.2 

5.51 

24.3 

50.5 

89 

1 - 4 

3.51 

0.87 

0.34 

2.04 

1.19 

5.23 

7.27 


1 - 6 

8.38 

0.87 

0 

0 

1.73 

7.60 

7.60 


1-11 

14.9 

1.04 

2.86 

17.1 

2.16 

9.50 

26.6 


1-16 

31.4 

0.82 i 

3.96 

23.8 

2.60 

11.4 

35.2 


1-25 

54.7 

1 

4.59 

27.5 

5.53 

24.4 

51.9 

90 

1 - 4 

3.79 

0.76 

0 

0 

1.73 

7.60 

7.60 


1 - 7 

9.07 

0.82 

0.25 

1.50 

1.95 

8.58 

10.1 


1-10 

15.7 

0.84 

0.25 

1.50 

1.95 

8.58 

10.1 


1-16 

28.0 

0.87 

0.55 

3.24 

3.89 

17.1 

20.3 


1-25 

59.4 


3.10 

18.8 

5.74 

25.2 

44.8 

91 

1 - 4 

3.35 

0.78 

0.09 

0.54 

- 1.07 

- 4.71 



1 - 7 

8.71 

0.95 

0 

1 0 

- 1.31 

- 5.77 



1-11 

18.0 

0.90 

0.04 

0.24 

2.86 

12.6 

‘ 12.8 


1-16 

27.2 

0.94 

0 

0 

4.88 

21.5 

21.5 


1-25 

1 

45.8 

0.98 

2.10 

12.6 

1 9.30 

40.9 

53.5 

92 

1 - 4 

4.13 

0.95 

0.76 

4.56 

1.63 

7.18 

11.7 


1 - 7 

10.3 

0.90 

0.67 

4.02 

1.63 

7.18 

11.2 


1-11 

19.3 

0.93 

2.10 

12.6 

4.66 

20.6 

33.2 


1-16 

33.0 

0.86 

1.85 

11.1 

5.53 

24.4 

35.5 


1-25 

60.2 

0.80 

3.36 

20.2 

7.26 

32.0 

52.2 

96 

1 - 4 

5.07 

0.82 

0.08 

0.48 

0.43 

1.90 

2.38 


1 - 7 

11.7 

0.75 

0.18 

1.08 

1.08 

4.75 

5.83 


1-11 

22.0 

0.75 

0.88 

5.27 

3.25 

14.3 

19.6 


1-14 

28.8 

0.79 

1.42 

8.51 

2.82 

12.4 

20.9 


1-25 

54.0 

0.84 

3.74 

22.4 

8.98 

39.6 

62.0 
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extended period, does not induce the consumption of sufficient excess carbo- 
hydrate to account for the excess oxygen consumed. 

This effect is especially striking in experiment 99. While the oxygen con- 
sumption was raised by 8 X 10^ m 4,6-dinitro-o-cresol from 18.0 to 33.6 X 
moles per gm. wet eggs, the carbohydrate consumption from the 1st to the 
11th hour was reduced, within the limits of experimental error, to zero. How- 
ever, the low carbohydrate content of the 4,6-dinitro-o-cresol treated eggs at 1 
hour indicated that there had been, during the 30 minute equilibration period, 
a considerable consumption of carbohydrate. The ammonia production from 
the 1st to the 11th hour was also reduced to a point where the total oxygen 

TABLE VIII 

Relation of Oxygen Consumption to Carbohydrate Consumption and Ammonia Production in 
4 ,6‘DinUro-o-Cresol Treated-PertUixed Arhacia Eggs^ as Calculated for 1 Gm. Wet Eggs 
from the Data of Table VI 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Ezp. No. 

Period of 
measure- 
ment 

Concentra- 
tion 4,6- 
dinitro-o- 
cresol 

Oxygen 

con- 

sumed 

B 

Glucose 

used 

Oxygen 
equivalent 
ot glucose 
used 

Ammonia 

nitrogen 

(NH.-N) 

formed 

Protein oxy- 
gen equiv- 
alent of am- 
monia nitro- 
gen (NHr— 
N X 4.4) 

Sum of 
columns 

7 and 9 


hfs. afUr 
fertiltta- 
tiOH 

mths ptr 
1. X «• 

moles 

xio* 


moles 

Xi0» 


moles 

Xio» 

moles X to* 

moles 

xio* 

99A 

1-11 

0 

18.0 

0.93 

4.81 

28.8 

7.63 

33.6 

62.4 

B 

1-11 

8 

33.6 

0.89 

0 

0 1 

5.19 

22.8 

22.8 

C 

1-11 

64 

13.8 

0.92 

0 

0 

0.81 

3.57 

3.57 

46 

1- 4 

10. 

7.04 

0.97 

0.37 

2.22 

1.52 


8.92 


1- 7 

10 

15.0 

0.89 

0.89 

5.33 

2.60 

11.4 

16.7 


1-10 

10 

22.2 

0.87 

1.99 

11.9 

2.16 

9.51 

21.4 


1-16 

10 

35.8 

0.91 

2.61 

15.6 

8.88 

39.1 

54.7 


1-26 

10 

59.3 

0.91 

3.82 

22.9 

21.6 

95.1 

■I 


consumption could not be accounted for by oxidation of protein. At 6.4 X 
10”* M 4,6-dinitro-^^■cresol, a concentration greater than the optimum for 
respiratory stimulation, the carbohydrate consumption was also reduced to 
zero and tihe proportion of oxygen consumption accounted for by protein oxida- 
tion was even smaller than at 8 X 10”* m. Further experiments to elucidate 
this effect and its relation to the cell division-blocking action of this class of 
compounds are obviously desirable. 

SUMlfARY 

1. Under the present conditions of experiment, Arbacia eggs were found to 
contain an average of 110 mg. of acid-hydrolyzable carbohydrate (calculated 
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as glucose) per gm. of egg protein. This carbohydrate was almost all in the 
egg proper, little or none being found in the jelly. 

To permit conversion of the data to other bases of reference the relation of 
nitrogen content to wet and dry weight and to egg number were determined. 
The eggs were found to contain 23.9 per cent solids, 0.10 mg. nitrogen per mg. 
dry weight, and 5.93 mg. nitrogen per 10® cells. From these results, about 7 
per cent of the egg dry weight is acid-hydrolyzable carbohydrate and about 65 
per cent is protein. 

2. Approximately one-half of the total acid-hydrolyzable carbohydrate was 
isolated in the form of an alkali-stable, alcohol-precipitable carbohydrate. 
This substance gave a typical glycogen color test with iodine, yielded glucose 
on acid hydrolysis, and had, within the limits of experimental error, the same 
optical rotation as glycogen from other animal sources. Since known amounts 
of glycogen were completely recovered when carried through the isolation 
process, the nature of one-half of the acid-hydrolyzable carbohydrate of Arbacia 
eggs remains undetermined. 

3. In order to gain some estimate of the extent to which Arbacia eggs utilize 
their total carbohydrate for development, determinations of the oxygen con- 
sumption, respiratory quotient, carbohydrate consumption, lactic acid produc- 
tion, and ammonia production were made. While all samples of eggs were 
found to utilize carbohydrate from the 15th to the 24th hours of development 
at 20®C., certain samples of eggs consumed little or no carbohydrate from the 
1st to the 6th hours, the period during which cell division proceeds most 
rapidly. In a number of instances where carbohydrate breakdown was lack- 
ing, a substantial proportion of the oxygen consumption could be accounted for 
on the basis of processes involving oxidation of protein or protein breakdown 
products. 

The authors desire to thank Mr. Linville A. Baker for technical assistance 
in various phases of the work here described. 
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The experiments here reported were made as part of an experimental inquiry 
into the mechanism of energy transfer for cell division in the fertilized eggs of 
Arbacia punctulata. It has of late become increasingly apparent that efforts 
to relate metabolism to function must be based on a detailed knowledge of the 
metabolic processes in the particular tissue in question. Accordingly, for some 
time an effort has been made in this laboratory to establish for Arbacia eggs 
(a) the concentration of certain catalytic substances which are known to be 
important for respiratory electron transfer, and (b) the relation of these agents 
to the individual metabolites and their activating proteins. In the course of 
this program, it has been shown (1) that the eggs contain an enzyme which, 
with cytochrome c as a substrate, displays the properties of an electromotively 
active iron-porphyrin oxidative catalyst. It has also been shown that Arbacia 
eggs contain flavin-adenine dinucleotide (2). 

The present paper deals with the occurrence of diphosphothiamine (cocar- 
boxylase) in Arbacia eggs. In certain cells, this substance is involved in at 
least one type of oxidative energy transfer, namely, the coupling of pyruvate 
oxidation with phosphorylation (3-6); diphosphothiamine also catalyzes a 
number of other metabolic processes in animal tissues, especially those con- 
cerned with both aerobic and anaerobic utilization of pyruvic acid (7). It was 
therefore of interest to find that the diphosphothiamine content of Arlacia 
eggs, 2-3 micrograms per gram wet weight, is comparable with that in ether 
animal tissues (8, 9), and that crude enzyme preparations from Arbacia eggs 
can cause pyruvate to disappear both aerobically and anaerobically. 

Experimental Methods and Materials 

Principle of Diphosphothiamine and Pyruvate Determinations. — ^Diphosphothiamine 
wa? estimated by manometric measurement of the rate of decarboxylation of pyruvic 
acid under conditions where the rate of CO2 liberation was proportional to the con- 
centration of diphosphothiamine. 

Pyruvic acid was estimated, as suggested by Warburg and Christian (10), by 
manometric measurement of the total COs liberated by carboxylase from solutions 
of p3niivic add. 
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Preparation and Test of Carboxylase, — Carboxylase was prepared from dried top 
ale yeast/ essentially according to the directions of Green, Herbert, and Subrah- 
manyan (11). Both the preparation and splitting of the carboxylase were based on 
the methods of Benditt (12); we are greatly indebted to Dr. Benditt for putting his 
results at our disposal. As here employed, the carboxylase preparation was as 
follows: 150 cc. of 0.067 m phosphate buffer, pH 7.2, were warmed to 40® C. in a 500 
cc. Erlenmeyer flask, and 50 gm. of dried yeast were added slowly with shaking. 
The mixture was kept at 38® C. for 1 hour, with occasional shaking; 50 cc. water 
were then added. The mixture was centrifuged for 20 minutes in an angle head 
centrifuge at about 2000 gravity. The residue was discarded. To the supernatant 
liquid were added 14 cc. 0.5 m phosphate buffer, pH 7.2, followed by 7 cc. of 1 m 
calcium acetate drop by drop with constant stirring. The mixture was again centri- 
fuged for 10 minutes in an angle head centrifuge at about 2000 gravity. The pre- 
cipitate was discarded. 38 gm. reagent grade ammonium sulfate were added slowly 
to each 100 cc. of the supernatant liquid; the suspension was stirred until the salt was 
in solution. The carboxylase was used in the form of this suspension and could be 
preserved for several weeks at 8® C. without loss of activity. 

The activity of carboxylase was determined manometrically in Warburg vessels 
as described below under test system for diphosphothiamine in Arhacia eggs. Results 
were expressed in terms of units (11) of activity per cubic centimeter; i, e., the re- 
ciprocal of the volume of enzyme suspension necessary to produce 100 c.mm. CO 2 
in 3 minutes at 30® C. For the test, the main compartment of each vessel contained: 
0.05 cc. carboxylase suspension; 0.05 cc. of a solution containing 1 mg. synthetic 
diphosphothiamine per cc.; 0.35 cc. 0.25 m phosphate buffer, pH 6.4; 2.35 cc. water. 
The side arm contained 0.5 cc. 1.6 m sodium pyruvate. 

Preparation and Test of Split Carboxylase, — ^To a mixture of 20 cc. carboxylase 
suspension, prepared as described above, and 40 cc. water in a 250 cc. graduate, 8 cc. 
concentrated ammonia were added; the mixture was allowed to stand 10 minutes at 
room temperature. Then 72 cc. of a saturated solution of reagent grade ammonium 
sulfate were added and thoroughly mixed with the ammoniacal solution. The re- 
sulting suspension was centrifuged in an angle head centrifuge for 30 minutes and the 
supernatant discarded. The precipitate was taken up in 10 cc. 0.25 m phosphate 
buffer, pH 6.4, the solution transferred to a 25 cc. graduate, and the centrifuge tubes 
rinsed with 5 cc. of the buffer which was then added to the enzyme solution. To 
the combined solutions 9.5 gm. reagent grade ammonium sulfate were added; the 
mixture was stirred until the salt dissolved. After adjustment to pH 6.4 the volume 
was made up to 25 cc. with the 0.25 m phosphate buffer. This suspension of car- 
boxylase protein, which was virtually free from diphosphothiamine, was used for 

^Top brewer's yeast; obtained from the Croft Brewery, Boston, Massachusetts, 
was collected on large Buchner funnels and washed with 5 volumes of tap water, 
followed by 1 to 2 volumes of distilled water. Filtration by suction was continued 
until the cake started to break up. The yeast was spread on sheets of filter paper, 
in as fine a state of division as possible, and dried overnight under a fan at room 
temperature. The particles were crushed by rolling with a large bottle and sifted 
through a fine screen. The quicker the drying process, the more active the dried yeast. 
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the diphosphothiamine deteiminations; it could be preserved for a week or two 
at 8® C. 

For the test, the main compartment of each Warburg vessel received: 0.05 cc. of 
split carboxylase; 0.3 cc. of a solution containing 410 mg. MnS04*4H20 per 100 cc. 
in water; 0.05 cc. of a solution containing 1 mg. synthetic diphosphothiamine per cc.; 
0.35 cc. 0.25 M phosphate buffer, pH 6.4; 2.05 cc. water. The side arm contained 
0.5 cc. 1.6 M sodium pyruvate. The test was run, and the results expressed, as 
described above for the complete carboxylase enz3ane. 

By this method of preparation, solutions containing 5 to 8 units of carboxylase 
per cc. (when resaturated with diphosphothiamine) were obtained. 

This method of preparing split carboxylase yielded enzyme preparations which 
gave, in the above test, a blank value (i. e, in absence of added diphosphothiamine) 
equal to only 0 to 5 per cent of the value obtained when the enzyme was saturated 
with added diphosphothiamine. Any blank value initially displayed by the split 
carboxylase tended to decrease or disappear after a day or two of storage at 8® C. 

Prepardtion and Test of Sodium Pyruvate, — 17.6 gm. Eastman Kodak Co. pyruvic 
acid (No. 498) were cooled in an ice-salt bath and neutralized drop by drop with 
strong (5 to 10 n) NaOH, the temperature being kept below 2® C. As the end point 
was approached, a drop of bromcresol purple was added and neutralization continued 
until there was a distinct color change. Final adjustment to pH 6.4 was made with 
1 N NaOH, using the glass electrode; the solution was then made up to 100 cc. with 
water. 

For test of the strength of the pyruvate solution, three Warburg vessels were 


required with the following contents, in cc.: 

( 1 ) ( 2 ) ( 3 ) 

Main compartment: Carboxylase 0.5 0.5 None 

0.25 m phosphate, pH 6.4 0.3 0.3 None 

Water 1.5 2.0 2.3 

Side arm: pyruvate solution, diluted 1:100 0.5 None 0.5 

Center cup: 2.5 N HCl 0.5 0.5 0.5 


After a 10 minute period of equilibration at 30® C. the pyruvate was dumped and 
the side arms rinsed. Readings were taken until a constant value for CO2 evolved 
was obtained; this took up to 2 hours or more. The acid in the center cup was then 
mixed with the contents of the main compartment and the readings continued until a 
constant value was again obtained. The CO2 evolution from decomposition of 
pyruvate was given by the difference of (1) — (2) — (3). If the undiluted pymvtLic 
solution had been made from pure pyruvic acid and no decomposition had occurred 
during neutralization, it should have been 2 m in strength; the value usually obtained 
here was 1.3-1 .6 m. 

Preparation of Arbacia Egg Extracts and Their Assay for Diphosphothiamine, — ^Ripe, 
mature eggs of Arbacia punctulata were obtained at Woods Hole during July, August, 
and early September, 1941. When necessary, they were fertilized and allowed to 
develop at 20® C. according to methods reported in previous papers of this series. 
The volume of the eggs was, in every case, determined on the unfertilized eggs by the 
hematocrit method (2700 times gravity for 5 minutes). Each cubic centimeter of 
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eggs corresponded to approximately 5 X 10^ eggs. The diphosphothiamine values 
per cubic centimeter of eggs were converted to a wet weight and a dry weight basis 
using an egg density of 1.09 (13) and an egg solid content* of 24 per cent (14). There 
is 0.1 mg. N per mg. dry weight (14). 

Diphosphothiamine was determined at three stages in egg development at 20® C.: 
unfertilized; at 30 minutes after fertilization, by which time the eggs were in the 
sperm aster stage; and at 10 hours after fertilization, by which time the eggs had 
just hatched from their fertilization membranes and become swimming blastulae. 
In each case the eggs were allowed to develop, with occasional stirring, in a large 
volume of sea water contained in a large crystallizing dish; this was kept in a water 
thermostat. For analysis, the eggs were collected by sharp centrifuging. 

Except where otherwise noted, the extraction fluid was 1 n NaCl, to which an 
appropriate amount of HCl or NaOH was added to give the final desired pH in the 
egg extract. Preliminary tests showed that most of the echinochrome could be 
removed, along with the denatured egg protein, if the salt solution was employed 
instead of water. Other agents, such as protein precipitants, non-aqueous solvents, 
and thiamine chloride were added to the extraction fluid as described under “Experi- 
mental results.” In a few instances the eggs, suspended in the extraction fluid, were 
broken up by 1 to 2 minutes homogenizing in a Waring mixer but, since this procedure 
did not increase the 3deld of diphosphothiamine, it was subsequently abandoned. 

The typKJ procedure finally adopted and recommended for the extraction was as 
follows: Two 10 cc. samples of egg suspension, each containing about 0.5 gm. wet 
eggs, were transferred to 15 cc. graduated centrifuge tubes, by means of a pipette 
with a wide opening, and packed by centrifuging gently for 2 minutes. To the first 
sample, 5 cc. of extraction fluid were added without stirring up the eggs, and the tube 
placed in a boiling water bath. The fluid and eggs were mixed by means of a small 
stirring rod and the tube left in the water bath with constant mixing for a total of 3 
minutes. The tube was then cooled and centrifuged at 2700 gravity for 3 minutes. 
The supernatant fluid was transferred to another graduated tube. A fresh 5 cc. of 
extracting fluid were added to the precipitate, the tube kept in the boiling water 
bath for 3 minutes, cooled, and centrifuged as described above. The resulting 
supernatant fluid was mixed with that obtained during the first extraction, and the 
combined volumes of extract and precipitate noted. If necessary, the extract was 
brought to pH 6.4-6.7 for the test. The total volume of extract was taken as the 
sum of the volumes of egg residue, combined egg extracts, and solution added for pH 
adjustment. This total volume was usually 1 0 to 1 2 cc. Control experiments showed 
that a single 5 cc. or 10 cc. extraction was inadequate and that the yield was not 
improved by increasing the number of extractions beyond the second. The second 
sample was used for recovery of added diphosphothiamine; it was extracted with a 
previously prepared mixture of 5 cc. extracting fluid plus 0.1 cc. of a solution con- 
taining a known amount (usually 1 to 5 micrograms) of added synthetic diphospho- 
thiamine. The mixture was added to the packed eggs immediately before transfer 

* The previously used value of 18 per cent solids, taken from older work, has since 
been found to be incorrect and has therefore been replaced by the higher value here 
employed, which was obtained for eggs handled in the same manner as the eggs used 
for the present experiments (14). 
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to the boiling water bath. 5 cc. of extracting fluid were added to the tube in which 
the original mixture was prepared, this tube thoroughly rinsed, and the resulting 
solution used for the second extraction. 

The egg extracts were assayed for diphosphothiamine as follows: The main com- 
partment of each Warburg flask received 0.3 cc. split carboxylase, 0.3 cc. Mn solution 
(410 mg. MnS 04 - 4 H 20 per 100 cc. water), 0.5 cc. egg extract, 0.2 cc. 0.25 m phosphate 
buffer, pH 6.4, and 1.5 cc. water. The side arm received 0.5 cc. 1.6 m pyruvate. 
The materials were pipetted into the flasks in the order given , and the contents of the 
flask were mixed thoroughly after each addition. The vessels were equilibrated 
at 30® C. with air as gas phase. After 5 minutes the stopcocks were closed, and after 
10 minutes total equilibration time the contents of the side arm were dumped and 
readings taken every 3 minutes for 18 minutes; the 3 minute reading was taken as 
zero time and the rate of gas evolution determined from the slope of the CO 2 evolu- 
tion-time curve. 

The amount of diphosphothiamine present in each unknown solution was deter- 
mined by comparison with a calibration curve obtained with a series of flasks in which 
the egg extract had been replaced with the same volume of an aqueous solution 
containing from 0.1 to 0.5 microgram of synthetic diphosphothiamine. Over a 12 
to 15 minute period, the CO 2 evolution was linear with time at concentrations of 
synthetic diphosphothiamine up to 0.4 to 0.5 microgram per flask. Likewise, the rate 
of CO 2 evolution per unit time was linear with respect to diphosphothiamine con- 
centration up to 0.4 microgram of synthetic diphosphothiamine per flask; the volume 
of egg extract was adjusted to make the amount of diphosphothiamine per flask fall 
within this range. Under the conditions stated, the average CO 2 evolution (in excess 
of the blank) was approximately 150 to 200 c. mm. per hour per 0.1 microgram of 
synthetic diphosphothiamine, the rate varying somewhat with different split carboxy- 
lase preparations, but remaining constant for a week or more with any single prepara- 
tion. A new calibration curve was run with each fresh split carboxylase preparation, 
and one or two points were checked at frequent intervals. Complete analyses in 
duplicate agreed within =fc8 per cent. From fourteen analyses carried out by the 
final extraction method, the recovery of diphosphothiamine was 92 per cent with a 
standard deviation of 7.9. 

The diphosphothiamine standard was a sample of synthetic cocarboxylase from 
Merck and Co., Inc. (lot No. 41811), containing 12.64 per cent phosphorus and 11.74 
per cent nitrogen (theory for Ci 2 Hi 907 N 4 SClP 2 *H 20 , 12.96 per cent P and 11.68 
per cent N). Through the kindness of Dr. R. A. Peters, who provided a sample of 
synthetic cocarboxylase (Merck lot No. 32079) which had been found in his laboratory 
to have 60 per cent of the activity of Lohmann and Schuster’s (15) natural cocar- 
boxylase from yeast, it was possible to determine the absolute activity of the sample 
here employed. By the above described manometric test, sample 41811 had, within 
the limits of experimental error, the same activity as sample 32079, thus agreeing in 
activity with the two samples of synthetic cocarboxylase which Weil-Malherbe (16) 
compared with the natural substance. On the basis of these results, the diphos- 
phothiamine values, as determined in terms of sample 41811, were multiplied by 0.6 
to convert them to a natural yeast cocarboxylase basis; the values given in the text 
and tables are in terms of natural cocarboxylase and would be 1.67 times as large if 
expressed in terms of synthetic sample 41811. 
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TABLE I 

Apparent Diphosphothiamine* Content of Arbacia Eggs in the Unfertilized States {U), and After 
30 Minutes {0,5 F) and 10 Hours {10 F) of Development at 2CPC., as Determined After 
Extraction of the Eggs at Various pH Values in the Absence of Added Thiamine 

Hydrochloride 


Ezp. 

No. 

Date 

Stage of 
egg de- 
velopment 

Extrac- 

tion 

meth- 

odt 

pH of m 
extract be- 
fore neu- 
tralization 

Wet 

weight 

egg* 

used 

Dipho*- 
phothia- 
mine 
found per 
gm. wet 
weight 

Recovery of 
diphosphothia- 
mme added to 
test system 

Recovery of di- 
phosphothiamine 
carried through 
entire extraction 
process 

Added 

Found 

Added 

Found 






mg. 

Mg- 

Mg. 

per cent 

Mg. 

per cent 

21 


u 

1 

3.0 

990 

1.2 



0.59 

0 

24 

7-14 

u 

1 

3.0 

1770 


0.12 

93 

2.2 

80 

26 

7-16 

u 

1 

3.0 

1430 

1.3 



2.2 

54 



BBl 

1 

3.0 

1430 

1.2 



2.2 

0 



Bll 

1 

3.0 

1430 

1.2 



2.2 

0 

28 

7-17 

u 

2 

3.0 

1030 

1.1 



2.2 

128 



0.5 F 

2 

3.0 

1030 

0.9 



2.2 

82 

29 

7-18 

U 

2 

3.0 

724 

1.6 



2.2 

19 

32 

7-21 

u 

3 

6.0 

1195 

0.6 



2.3 

67 

33 

7-21 

u 

4 

3.0 

1250 

1.0 

0.06 

93 

2.3 

82 

35 

7-22 

u 

5 

6.0 

1210 

2.7 

1.6 

no 

2.3 

94 

35A 

7-22 

u 

6 

3.0 

725 

1.4 

0.06 

90 

2.3 

57 

36 

7-23 

u 

7 

3.0 

875 

0.3 

0.06 

109 

2.3 

61 

38 

7-24 

u 

8 

3.9 

507 

0.6 

0.06 

72 

2.3 

57 

51 

8-6 

u 

9 

5.0 

396 

1.0 

0.06 

98 

2.6 

80 



0.5F 

9 

5.4 

396 

1.1 

0.06 

100 

2.6 

72 



10 F 

9 

5.1 

396 

0.6 

0.06 

100 

2.6 

77 

56 

8-7 

U 

10 1 

4.0 

298 

0.4 

0.06 

107 

2.6 

82 



0.5 F 

10 

4.0 

298 

0.8 



2.6 

65 



10 F 

10 

4.0 

298 

1.3 



2.6 

66 

66 

8-12 

U 

11 

4.8 

560 

0.5 



2.7 

71 



0.5 F 

11 

4.8 

560 

0.4 



2.7 

81 

66A 

8-12 

U 

12 

4.2 

510 

0.7 



2.7 

76 

70 

8-13 

U 

13 

4.9 

i 536 

0.3 



2.7 

71 



0.5 F 

13 

4.9 

536 

1 

0.3 



2.7 

74 


* Referred to natural yeast cocarbozylase as standard. See ''Experimental methods and 
materials.” 


{The extraction methods were as follows: 

1. The packed eggs were taken up in 10 to 20 volumes 1 M NaCl which was 0.03 n in HCl, 
homogenized in the Waring mixer for 1 minute at high speed, heated 5 minutes, cooled, 
brought to pH 6.4, filtered. 

2. Same as method (1), except for inclusion of 0.5 mg. CaCla*2H20 per cc. of extraction 
fluid; this procedure caused almost complete precipitation of echinochrome from the extracts. 

3. The packed eggs were taken up in 20 volumes distilled water, homogenized in the Waring 
mixer for 1 minute at high speed, fiiltered. 

4. Same as (1) without heating. 

5. Same as (3), except that, after homogenizing in the Waring mixer, the egg brei was 
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EXPERIMENTAL RESULTS 

Dipkosphotkiamine Content of Arbacia Eggs . — It was found that both the 
naturally present and added diphosphothiamine were very difficult to recover 
quantitatively from either the heated or unheated egg extracts. The results 
of a number of preliminary extraction procedures are illustrated by the repre- 
sentative data given in Table I, from which it may be seen that the diphospho- 
thiamine values varied from 0.3 to 1.6 micrograms per gram of wet eggs and 
the recovery of added diphosphothiamine varied, apparently with no consistent 
relationship to the diphosphothiamine content of the eggs, from 0 to 90 per cent. 

Investigation of the recovery at various stages of the extraction process 
showed that added diphosphothiamine was not lost as a result of the phos- 
phatase activity of the eggs, the degree of acidity used, the heat treatment 
employed, but by becoming bound to the egg residue. This is illustrated by 
a typical experiment: 

5 identical aliquots of unfertilized eggs from the same batch were treated as follows: 
The first sample of packed eggs was taken up in 3 volumes of 1 n NaCl containing 
0.03 N HCl, homogenized for 1 minute in a Waring mixer, heated 5 minutes in a 
boiling water bath, cooled, neutralized, and filtered; this was the reference sample 
upon which recovery calculations for the other four samples were based. The second, 
third, fourth, and fifth samples were carried through exactly like the first, except that 
known amounts of diphosphothiamine were added just before homogenizing, before 
heating, before filtering, and before test, respectively. The percentage recoveries 
were, respectively, 80, 72, 80, 105. 


adjusted to pH 8 with NaOH and allowed to stand for 10 minutes at room temperature, then 
brought to pH 6.4 and filtered. 

6. The packed eggs were taken up in 30 volumes 1 m NaCl which was 0.03 N in HCl, 
homogenized in the mixer for 1 minute at high speed; enough calgon (calcium hexameta- 
phosphate) to give 1 mg. per cc. was then added; the mixture stirred for 10 minutes and 
centrifuged. The supernatant extract was then adjusted to pH 6.4. 

7. Same as (6) except that, after the calgon addition, the mixture was heated 5 minutes, 
allowed to stand 10 minutes, then centrifuged and the supernatant brought to pH 6.4. 

8. Same as (1), except that extraction was made with 1 m NaCl which was 0.005 n in HCl. 

9. The packed eggs were taken up in 5 cc. 1 M NaCl which was 0.005 n in HCl, heated 3 
minutes, cooled, centrifuged; the supernatant liquid was transferred to another tube. This 
extraction was repeated with another 5 cc. of the same extraction fluid, the supernatant 
extracts combined, brought to pH 6.4, filtered. 

10. Same as (9), except that first extraction was made with 1 m NaCl which was 0.008 
N in HCl. 

11. Same as (9), except that first extraction was made with 1 M NaCl which was 0.008 N 
in HCl, the second with 1 m NaCl 0.005 N in HCl. 

12. Same as (9), except that both extractions were made with 1 h NaCl which was 0.05 
M in sodium acetate and 0.05 n in HCl. 

13. Same as (9) except that each extraction was made at 70®C. for 5 minutes instead of in a 
boiling water bath for 3 minutes. 
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Thus, there was essentially complete recovery at every stage except the 
filtration, where the diphosphothiamine was subject to no loss except by binding 
to the egg residue or to the sodium tungstate-precipitable material left in the 
heated egg extracts. Use of calgon (calcium hexametaphosphate) as a pre- 
cipitating agent was unsuccessful, as was removal of protein material by warm 
50 per cent acetone; reduction of the amount of diphosphothiamine added for 
recovery and variation in egg extraction fluid ratio also failed to give higher 
recoveries (Table I). It was later found that recoveries ranging from 80 to 104 
per cent (the average was 92 per cent with a standard deviation of 7.9) could 
be obtained by a combination of two procedures: (a) addition of 40 micrograms 
per cc. of thiamine hydrochloride (f.e. vitamin Bi hydrochloride or thiamin 
chloride) to the extraction fluid, and (b) adjustment of the extraction pH to 
a value of 6.3“6.7; neither procedure was effective when used separately. 

The use of thiamine hydrochloride was suggested by the observation of 
Ochoa and Peters (8), confirmed by Westenbrink and coworkers (17), that 
thiamine hydrochloride could stimulate the activity of a relatively crude 
yeast carboxylase preparation. Though this effect was attributed by these 
authors to inhibition of phosphatase activity, it seemed possible, in view of the 
fact that the added diphosphothiamine was in contact with the unheated eggs 
for only a few seconds at most, that the thiamine hydrochloride might produce 
this effect in the egg extracts by displacing diphosphothiamine from linkages to 
catalytically inactive protein, thus enabling the diphosphothiamine to combine 
with the catalyticaUy active protein to enhance the overall activity of the 
decarboxylating enzyme. 

With this possibility in mind, the effect of thiamine hydrochloride on the 
effectiveness of diphosphothiamine extraction from the eggs and on the activity 
of egg extracts was tested. A typical experiment is summarized in Table II. 
It was found: (a) that thiamine hydrochloride did not stimulate the- activity 
of the present samples of split carboxylase when these were supplied with pure 
diphosphothiamine; (ft) that the catalytic activity of a given amount of diphos- 
phothiamine in the egg extracts could be greatly enhanced by inclusion of a small 
concentration of thiamine hydrochloride in the manometric assay system, this 
effect reaching a maximum at about 5 to 10 micrograms per flask (t.e., 1.6 to 
3.2 micrograms per cc. of assay system); {c) that addition of thiamine hydro- 
chloride directly to the extraction fluid before its addition to the eggs al^ in- 
creased the amount of diphosphothiamine found in the assay; and (d) that the 
effect of adding 40 micrograms of thiamine hydrochloride to each cubic centi- 
meter of extract was the same, regardless of whether the addition was made to 
the original extraction fluid or to the system directly before assay of the extract. 
These observations appear to cast some light on the variable diphosphothiamine 
values obtained by the methods summarized in Table I, since they indicate 
that the amount of diphosphothiamine found by assay in a given egg sample 
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depends on the amount of free (non-phosphorylated) t hiamin e also present. 
Preliminary analyses by the thiochrome method (18) indicated that the eggs 
contain about one-tenth to one-half as much free thiamine as diphosphothi- 
amine, the ratio varying with individual egg samples; this would provide 
amounts of thiamine hydrochloride ranging up to a few tenths of a microgram 
per flask. Such amounts of thiamine, if present in certain extracts and absent 
in others, might cause considerable variation in apparent yields of diphospho- 


TABLE n 


Efect of Thiamine Hydrochloride on Carboxylase Activity of Test System Formed from SpUt 
Carboxylase and Arbacia Egg Extracts* 


COs evoltttioD per IS min. per 3.3 cc. test system containing: 


test qntcm 

0.5 cc. Extract 1 

0.5 cc. Extract 2 

0.5 cc. Extract 3 

0.5 cc. Extract 4 

jif . per 3 J ee. 

e. mm. 

c, mm. 

c, mm. 

c, mm. 

0 

54 

95 

101 

141 

1 

85 

127 

101 

151 

2 

89 

160 

105 

144 

5 

94 

140 

96 

153 

20 

98 

140 

100 

143 

40 

99 

140 

100 

144 


* Extract 1: 490 mg. packed eggs were taken up in 5 cc. 1 H NaCl which was 0.003 N in 
NaOH, heated 3 minutes, cooled, centrifuged; the supernatant liquid was transferred to 
another tube. This extraction was repeated with another 5 cc. of the same extraction fluid; 
the supernatant extracts were combined (pH 6.5), giving a total volume of 9.7 cc. Of this, 
0.5 cc. was put into each test flask and run as described under ^‘Experimental methods”. 

Extract 2: Same as extract 1, except that 2.33 micrograms of synthetic diphosphothiamine 
(equivalent to 1.40 micrograms natural cocarboxylase) were added to the first 5 cc. portion of 
extraction fluid. 

Extract 3: Same as extract 1, except that the extraction fluid contained 40 micrograms of 
thiamin chloride per cc. 

Extract 4: Same as extract 2, except that the extraction fluid contained 40 micrograms 
of thiamin chloride per cc. 


thiamine by the manometric method in the absence of added thiamine hydro- 
chloride. 

The results of a number of analyses for diphosphothiamine, using 40 micro- 
grams of thiamine hydrochloride per cc. of extraction fluid, are given in Table 
ni. This method of extraction, when carried out between pH 2 and pH 6, 
g^ve consistent values for the di^osphothiamine content of the eggs, but low 
recoveries. Only when the extraction in the presence of added thiamine hydro- 
chloride was carried out at pH 6 to pH 7 were recoveries of 80 to 100 per cent 
consistently achieved. Extraction at higher pH values, like those previously 
mentioned at low pH, gave lower values for absolute diphosphothiamine con- 
tent and lower recoveries. 
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It was also found (Table III) that the apparent diphosphothiamine content 
of the eggs was highest in the unfertilized eggs, somewhat smaller at 30 minutes 
after fertilization, and still smaller at 10 hours after fertilization. Whether 
this decrease was due to a loss of diphosphothiamine during the development 
of the eggs, to a progressively tighter binding and less complete extraction of 
the diphosphothiamine of the eggs, or to other causes, cannot be determined 
from the present data. 

Preliminary Experiments on Pyruvate Utilization by Arbacia Eggs and Egg 
Extracts, — ^While the present experiments were in progress, it was reported by 
Barron and Goldinger (19), using a colorimetric method for pyruvate deter- 
mination, that both fertilized and unfertilized Arbacia eggs could use pyruvate, 
the rates of pyruvate disposal by fertilized and unfertilized eggs being 354 
micrograms and 70 micrograms per hour per gm. dry weight, respectively. 
They also found eggs of Arbacia to contain about 850 micrograms of pyruvic 
acid per gm. dry weight and 2.72 micrograms of diphosphothiamine per cc. of 
packed eggs. 

In the course of the work here described, two sets of observations bearing on 
the use of pyruvate have been made. Though these experiments were intended 
to be purely preliminary, they are reported here because an opportunity to 
extend and complete them may not be available for a considerable time. 

1. Parallel samples of egg cytolysate, obtained by mixing 1 volume of packed 
eggs with 3 volumes of water, were shaken without or with added pyruvate for 
2 hours at 20®C. in Warburg vessels. The pyruvate present at zero time and 
after 2 hours was determined by the carboxylase method as described above.* 
Each experiment was run in duplicate or triplicate. Control experiments gave 
99 per cent recovery of added pyruvic acid by this method. Though the re- 
sults, because of the small changes in pyruvate and the limited number of 
experiments, must be regarded as only suggestive, two points were indicated. 

In the first place, from six experiments on pyruvate utilization under aerobic 
conditions (Table IV) cytolysates from 30 minute fertilized eggs used, on the 
average, about 310 micrograms pyruvate per gm. dry weight per hour (1.7 X 
10^ moles or 75 micrograms per gm. wet weight), while cytolysates from un- 
fertilized eggs used about 160 micrograms pyruvate per hour per gm. dry 
weight (0.87 X 10^ moles or 38 micrograms per gm. wet weight). These 
results tend, therefore, to confirm in principle the experiments of Barron and 

• All COa obtained as the result of adding carboxylase is here calculated as pyruvic 
add, though carboxylase can (9) liberate COa, at a rate much smaller than from 
pyruvic add, from other possible intermediary metabolites such as oxalacetic and 
a-ketoglutaric acids. At the first opportunity it is proposed to employ both the 
colorimetric pyruvate method and the carboxylase method for analysis of the eggs. 
This may give some indication of the extent to which a-keto acids other than pyruvic 
contribute to the values here obtained. 



TABLE m 

Apparent Diphosphotkiamine* Content of Arbacia Eggs in the Unfertilized State (U), and after 
30 Minutes {0.5 F) and 10 Hours {10 F) of Devdopment at 2(F C., as Determined after 
Extraction of the Eggs at Various pH Values in the Presence of 40 Micrograms per Cc. 
Thiamine Hydrochloride Added to the Extraction Fluid 


Exp. No. 

Date 

Stage of 
egg de- 
velopment 

Extraction 

methodt 

pH of egg 
extract be- 
fore neu- 
tralization 

Wet weight 
eggs usM 

Diphospho- 
tniamine 
found per 
gm. wet 
weight 

Recovery of diphos- 
phothiamine carried 
through entire ex- 
traction process 

Added 

Found 






mg. 

§tg. 

Mf. 

per cent 

87 

8-20-41 

U 

14 

2.2 

575 

2.5 

2.7 

83 



0.5 F 

14 

2.2 

575 

1.6 

2.7 

88 



10 F 

14 

2.1 

575 

1.9 

2.7 

74 

100 

8-29 

U 

14 

1.8 

360 

2.5 

2.8 

74 



0.5 F 

14 

1.8 

360 

1.7 

2.8 

77 



10 F 

14 

1.8 

360 

1.2 

2.8 

82 

103 

8-30 

U 

14 

1.9 

370 

3.2 

2.8 

65 



0.5 F 

14 

1.9 

370 

2.5 

2.8 

71 



10 F 

14 

1.8 

370 

1.8 

2.8 

70 

105 

9-1 

U 

14 

2.0 

522 

2.5 

2.8 

66 



0.5 F 

14 

2.1 

522 

1.6 

2.8 

79 



10 F 

14 

2.0 

522 

1.3 

2.8 

68 

107 

9-2 

U 

14 

1.6 

386 

2.9 

2.8 

53 

108 

9-2 

U 

14 

1.7 

418 

2.2 

2.8 

64 



U 

14 

1.7 

418 

1.9 

0.7 

66 

110 

9-3 

U 

15 

4.8 

438 1 

2.7 

1.4 

53 



U 

16 

5.8 

438 j 

1.9 

1.4 

75 

112 

9-4 

U 

17 

6.0 

495 

2.9 





U 

18 

8.7 

495 1 

2.7 



114 

9-4 

U 

19 

6.5 

430 

2.1 

1.4 

88 



u 

18 

8.9 

430 

1.7 

1.4 

81 

117 

9-5 

u 

19 

6.4 

432 

2.0 

1.4 

82 



0.5 F 

19 

6.4 

432 

1.9 

1.4 

96 



10 F 

19 

6.4 

432 

1.0 

1.4 

92 

118 

9-5 

U 

19 

6.5 

439 

2.0 

1.4 

80 



0.5 F 

19 

6.4 

439 

1.5 

1.4 

101 



10 F 

19 

6.3 

439 

1.7 

1.4 

97 

120 

9-6 

U 

19 

6.6 

374 

2.3 

1.4 

90 



0.5 F 

19 

6.6 

374 

2.1 

1.4 

90 



10 F 

19 

6.6 

374 

1.8 

1.4 

104 

121 

9-6 

U 

19 

6.5 

376 

3.4 

1.4 

92 



0.5 F 

19 

6.6 

376 

1.8 

1.4 

93 



10 F 

19 

6.6 1 

1 

376 

1.3 

1.4 

104 


♦ Referred to natural yeast cocarboxylase as standard. See “Experimental methods and 
materials.” 

t The extraction methods, numbered to follow those of Table I, were as follows: 

14. The packed eggs were taken up in 5 cc. 1 m NaCl which was 0.03 n in HCl and con- 
tained 40 micrograms thiamine hydrochloride per cc.; the mixture was heated 3 minutes, 
cooled, centrifuged, and supernatant fluid was transferred to another tube. This extrac- 
tion was repeated with another 5 cc. of the same extraction fluid, the supernatant extracts 
combined, brought to pH 6.4, filtered. 

15. Same as (14), except that extraction fluid was 0.005 n in HCl. 

16. Same as (14), except that extraction fluid contained no added HCl. 

17. Same as (14), except that extraction fluid was 0.001 n in NaOH. , 

18. Same as (14), except that extraction fluid was 0.01 n in NaOH. 

19. Same as (14), except that extraction fluid was 0.003 n in NaOH. 
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Goldinger, It may be calculated, without intending further implicationSi 
that the observed rates of pyruvate disposal, if expressed as complete oxidation 
to CO 2 and water, would be enough to account for approximately one-third 


TABLE IV 

Change in the Pyruvate Content of the Cytolysate from 0,5 Cc, Arbacia Eggs during Incubation 
under Aerobic or Anaerobic Conditions for 2 Hours at Zff* C, 


Exp. No. 

Cytolysate from 
unfertilized (U) 
or 30 min. (F) 
fertilized eggs 

i 

Without (-) 
or with (+) 
0.005 u added 
pyruvate 

Gas phase 
during in- 
cubation 

COt liberated by carbox- 
ylase from pyruvate in 
egg cytolysate 

Change in pyruvate con- 
1 tent of cytolysate 

during mcubation 

Before 

incubation 

After 2 hrs. 
incubation 

COi 

equivalent 

Pyruvate 
per hr. per 
wet gm. of 
eggs 





c, mm. 

c. mm. 

e, mm. 

moles per 

1 . X 

127 

U 

+ 

Air ! 

193 

188 

-5 

-0.2 


F 

+ 

Air 1 

211 

184 

-27 

-1.2 

128 

U 

+ 

Air 

212 

206 

-6 

-0.3 


F 

+ 

Air 

238 

204 

-34 

-1.5 

131 

U 

+ 

Air 

250 

227 

-23 

-1.0 


F 

+ 

Air 

287 

221 

-66 

-2.9 

132 

U 

+ 

Air 

218 

194 

-24 

-1.1 


F 

+ 

Air 

231 

210 

-21 

-0.9 

141 

U 

— 

Air ! 

31 

0 

-31 

-1.4 


F 

— 

Air 

42 

0 

-42 

-1.9 


U 

+ 

Air 

193 

144 

-49 

-2.2 


F 


Air 

198 

159 

-39 

-1.7 

133 

U 

+ 

N 2 * 

245 

221 

-24 

-1.1 


U 

+ 

Air 

245 

211 

-34 

-1.5 

135 

F 

+ 

N 2 1 

270 

300 

+30 

+1.3 


F 

+ 

Air 

270 

245 

-25 

-1.1 

136 

F 

— 

N 2 

83 

120 

+37 . 

+1.6 


F 

— 

Air 

83 

38 

-45 

-2.0 


F 

+ 

Nj 

298 

285 

-13 

-0.6 


F 


Air 

298 

264 

-34 

-1.5 

143 

F 

+ 

Air 

244 

238 

-6 

-0.3 


Ft 

+ 

Air 

244 

228 

-16 

-0.7 


* The nitrogen was purified by passage through a 20 inch column of freshly reduced copper 
turnings. 

t This sample contained 20 micrograms of added synthetic diphosphothiamine (equivalent 
to 12 micrograms natural cocarbozylase) per cc. 

of the respiration of the fertilized egg and all of the respiration in the unfer- 
tilized egg. 

In the second place, the net rate of pyruvate disappearance, both with the 
C3rtolysate from unfertilized and the cytolysate from fertilized eggs, was 
greater under aerobic than under anaerobic conditions. In two samples of 
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cytolysate from fertilized eggs, pyruvate appeared to be formed under anaero- 
bic conditions. 

2. Unfertilized or fertilized eggs, suspended as 50 per cent suspensions in sea 
water buffered at pH 8.0 with 0.05 m glycylglycine buffer, were incubated 
aerobically for 2 hours at 20®C., the fertilized samples being started at 30 
minutes after fertilization. Under these conditions, with adequate shaking 
in the Warburg bath, the fertilized eggs developed at the same rate as in dilute 
suspension, 90 to 100 per cent being found in the 8-cell stage ready to proceed 
to the 16-cell stage at the end of the incubation period. Duplicate samples 
of eggs were cytolyzed by adding an equal volume of distilled water at zero 
time. The total pyruvate in the eggs and their suspension medium was de- 
termined by the carboxylase method. Parallel duplicate samples were sub- 
jected to the same treatment at the end of the 2 hour incubation period. In 
two experiments, with 0.005 m sodium pyruvate present in the suspension 
medium, the results indicated a net formation of products decomposed to CO 2 
by carboxylase. The average of two determinations, each in duplicate, on 
unfertilized eggs was 1.0 X 10^ moles pyruvate* formed per gm. wet eggs per 
hour; the corresponding value for the fertilized eggs, was 1.1 X 10^ moles 
per gm. wet eggs per hour. 


DISCUSSION 

The data on recovery of added diphosphothiamine, presented above in 
Tables I and III, provide an interesting commentary on the value of recovery 
data in assessing the validity of analyses for various cellular constituents. 
These experiments show very clearly that, though incomplete recoveries are, 
in some instances, cause for rejection of analyses, complete recoveries cannot 
be accepted as proof that all of the substance sought is actually extracted from 
the biological material in which it naturally occurs. It should be stated, there- 
fore, that, in spite of the constancy of analytical values obtained with various 
samples of eggs and the virtually complete recovery of added diphosphothi- 
amine,^ the present estimate of the absolute amount of this substance in 
Afbacia eggs may be subject to upward revision if more effective extraction 
methods should be developed subsequently. 

Whatever the absolute diphosphothiamine content of Arbacia eggs may 
ultimately prove to be, the present experiments show quite conclusively that 
the amount of this substance in the eggs is comparable with that in other 
animal tissues. This suggests that diphosphothiamine, and the processes 
catalyzed by it, may play a prominent r61e in the aerobic metabolism of the 
eggs. Two further lines of evidence are available to support this suggestion. 

First, as reported by Barron and Goldinger (19) and confirmed by the 

^ The same reservations are applicable to the diphosphopyridine nucleotide data 
to be presented in the following paper (20). 
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preliminaxy experiments presented in this paper, the eggs have a mechanism 
for metabolizing pyruvic acid; this disposal of pyruvic acid depends, in some 
degree at least, on the presence of oxygen, being apparently somewhat more 
rapid under aerobic than under anaerobic conditions. 

Secondly, as is shown in another paper of this series (14), the eggs can obtain 
energy for development either by oxidation of carbohydrate or by oxidative 
deamination; in either case, adequate precursors for formation of pyruvic and 
other oc-ketonic acids are available. Indeed, it has been found in the present 
experiments that developing Arbacia eggs can, under certain conditions, ap- 
parently form pyruvic acid. Detailed elucidation of the processes of pyruvic 
acid formation and disposal — ^as well as the relation of diphosphothiamine, 
suitable phosphate acceptors, and other factors to these processes — ^requires 
further experiment. 

The authors wish to thank Dr. R. A. Peters for providing a reference sample 
of cocarboxylase. They also wish to thank Miss A. K. Keltch for performing 
the thiamine analyses referred to above, and Mr. L. A. Baker for assistance in 
preparing the eggs for analysis. 


SUMMARY 

1. Methods suitable for the determination of diphosphothiamine (cocar- 
boxylase) in eggs of Arbacia punctulata have been developed. Quantitative 
extraction of the cocarboxylase was effected by combining the use of thiamine 
hydrochloride in the extraction fluid with critical adjustment of the pH of 
extraction to pH 6.3-6.7. 

2. The unfertilized eggs were found to contain the equivalent of 2 to 3 
micrograms of natural yeast cocarboxylase pergm. of wet eggs; the cocarboxyl- 
ase content of the 30 minute and 10 hour fertilized eggs was somewhat less 
(Table III). 

3. In preliminary experiments, Arbacia egg cytolysates were found to cause 
pyruvic acid to disappear. The rate of such disappearance was apparently 
greater under aerobic than under anaerobic conditions; it was also greater for 
cytolysates from fertilized eggs than for cytolysates from unfertilized eggs 
(Table IV). 
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STUDIES ON CELL METABOLISM AND CELL DIVISION 

VIII. The Diphosphopyridine Nucleotide (Cozymase) Content of 
Eggs of Arbacia Punctulata 

By BERNHARD J. JANDORF and M. E. KRAHL 

{From the Lilly Research Laboratories j Indianapolis^ Indiana^ and the Marine Biological 
Laboratory^ Woods Hole, Massachmetts) 

(Received for publication, February 18, 1942) 

This paper deals with the occurrence of diphosphopyridine nucleotide in 
Arbacia eggs. This substance acts as a coenzyme in numerous aerobic and 
anaerobic metabolic processes (see references 1 and 2 for summaries of its 
functions). It has also been shown to be involved in at least one type of oxida- 
tive energy transfer, namely, the coupling of phosphorylation with oxidation 
of triosephosphate (3-S). It was therefore of interest to find, in the course of 
a systematic survey of possible energy-yielding processes in Arbacia eggs, that 
the diphosphopyridine nucleotide content of these eggs, 250-500 micrograms 
per gram wet weight, is comparable with that of other animal tissues and of 
certain yeasts (6-8). 

Experimental Methods and Materials 

Preparation of Arbacia Egg Extracts and Their Assay for Diphosphopyridine 
Nucleotide, — Eggs of Arbacia punctulata were obtained at Woods Hole during July, 
August, and early September, 1941. They were handled, and the results expressed, 
exactly as described in the previous paper (9). The type procedure for extraction of 
the diphosphopyridine nucleotide was the same as for diphosphothiamine, with the 
modifications shown in the footnotes to Table I of the present paper. The total 
volume of the egg extract was taken as the siun of the volume of the combined super- 
natant fluids after centrifuging off the egg residue, and the volume of fluid added for 
pH adjustment; control experiments indicated that the amount of diphosphopyridine 
nucleotide left in the egg residue after the second extraction could be disregarded. 
For each determination, two samples of eggs from the same batch were run; one sample 
was used to determine the diphosphopyridine nucleotide content of the eggs them- 
selves; the other was used for recovery of added diphosphopyridine nucleotide by the 
same procedure as previously described for diphosphothiamine (9). 

The extracts were assayed for diphosphopyridine nucleotide by the method of 
Jandorf, Klemperer, and Hastings (10), which depends upon the enzymatic conversion 
of hexosediphosphate into phosphoglyceric and glycerophosphoric acids under condi- 
tions such that the rate of conversion is proportional to the concentration of diphos- 
phopyridine nucleotide present. The amount of acid produced in a given time is 
measured manometrically by following the COt liberated from a bicarbonate buffer. 

In the present experiments, the main compartment of each Warburg flask received 
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TABLE I 


Diphosphopyridine Nucleotide Content of Arbacia Eggs in the Unfertilised State (U) 
and after 30 Minutes (OJ E) and 10 Hows {10 F) of Development at dVC. 


Exp. No. 

Date 

Stage of 
egg develop- 
ment 

Extrac- 

tion 

method* 

of tsg 
extract be- 
fore neu- 
tralixation 

1 Wet weight 
eggs used 

Diphospho- 
pyridine 
nucleotide 
found per 
gm. wet 

Recovery of diphospho- 
pyridine nucleotide 
carried through entire 
extraction process 






weight 

Added | Found 
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TABLE I— Concluded 


Exp. No. 

Date 

Stage of 
egg develop- 
ment 

Extrac- 

tion 

method* 

pH of egg 
extract be- 
fore neu- 
tralization 

Wet weight 
eggs 

Diphospho* 
pyridine 
nucleotide 
found per 
gm. wet 
weight 

Recovery ol 
pyridine 
carried thr 
extractic 

Added 

f diphospho- 
nucleotide 
ough entire 
»n process 

Found 






mg. 

Mr. 

M. 

Per cent 

104 

8-30 

u 

9 

1.8 

370 

334 

72 

97 



u 

10 

12 

370 

150 





0.5F 

9 

1.8 

370 

300 

72 

87 



0.5F 

10 

12 

370 

208 





10 F 

9 

1.8 

370 

219 

72 

91 



10 F 

10 

12 

370 

75 



106 

9-1 

U 

9 

2.1 

522 

376 

72 

106 



0.5F 

9 

2.1 

522 

284 

72 

94 



10 F 

9 

2.1 

52 

252 

72 

100 


* The extraction methods were as follows: 

1. The packed eggs were taken up in 5 cc. 1 m NaCl which was 0.005 N in HCl, heated 
3 minutes in a boiling water bath, cooled, centrifuged; the supernatant liquid was transferred 
to another tube. This extraction was repeated with another 5 cc. of the same extraction fluid, 
the supernatant extracts combined, brought to pH 6.4, Altered. 

2. Same as (1), except that the flrst extraction was made with 1 M NaCl which was 0.008 
N in HCl, the second with 1 m NaCl O.OOS N in HCl. 

3. Same as (1), except that both extractions were made with 1 m NaCl which was O.OS m 
in sodium acetate and 0.05 N in HCl. 

4. Same as (1), except that both extractions were made at 70db I*’ C. for 5 minutes instead 
of in a boiling w^ater bath for 3 minutes. 

5. Same as (4), except that CaCl2*2H20 to give 0.05 mg. per cc. was added to the com- 
bined extracts. The pH was then brought to pH 7.4, and the precipitated echinochrome 
filtered off. 

6. The packed eggs were extracted twice in a water bath at 50db 1® C. with 5 cc. of 0.005 N 
HCl in 50 per cent acetone. After centrifuging off the precipitated material, the combined 
supernatant solutions were approximately neutralized. After standing in the cold for 30 
minutes, a heavy brown precipitate had formed; this was centrifuged off and discarded. The 
supernatant was aerated for 30 minutes at 45-50® C., which reduced the volume to 5.2 cc. 
The solutions were brought to 10.0 cc. with 2 m NaCl, adjusted to pH 6.5-6.6, centrifuged to 
remove a little more echinochrome. 

7. Same as (1), except that both extracts were made with 2.5 cc. 1 m NaCl which was 
0.01 N in HCl. 

8. Same as (1), except that both extracts were made with 2.5 cc. 1 m NaCl which was 
0.01 N in NaOH. 

9. Same as (1), except that both extracts were made with 1 m NaCl which was 0.03 N 
in HCl. 

10. Same as (1), except that both extracts were made with 1 m NaCl which was 1 n in 
NaOH. 

{ In these samples, the added diphosphopyridine nucleotide was allowed to stand in con- 
tact with the packed eggs before addition of extraction fluid; the low recoveries suggest that 
the unheated whole eggs have, in these three samples, caused some breakdown of the diphos- 
phopyridine nucleotide. Accordingly, in subsequent experiments the diphosphop 3 nridine 
was added with the extraction fluid and the mixture then brought to the temperature of the 
boiling water bath within a few seconds after the addition. 
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0.4 cc. NaHCOa (0. 154 m, saturated with 5 per cent COi : 95 per cent Ns), 0.6 cc. 
of sodium hexosediphosphate (approximately 0.016 m), 0.3 cc. of NasHAs 04 (0.003 
m), and 1 .0 cc. of muscle extract, equivalent to 30 mg. of the muscle acetone powder. 
The egg extracts to be tested (0.02 to 0.1 cc. containing 1 to 4 micrograms diphos- 
phopyridine nucleotide) were introduced into the side arm with a micro pipette, and 
water was added to the main compartment to make a total liquid volume of 3.0 cc. 
The manometers were filled in the bath with 5 per cent CO* : 95 per cent Ns and 
equilibrated for a total of 15 minutes at 38^C. The contents of the main vessel and 
the side arm were mixed; 5 minutes were allowed to elapse for restoration of equili- 
brium, and manometer readings were then taken at 5 minute intervals for 30 minutes. 
The rate of gas evolution was determined from the slope of the COs evolution-time 
curve. 

The amount of diphosphopyridine nucleotide present in each unknown sample was 
determined by comparison with a calibration curve obtained with a series of flasks 
in which the egg extract had been replaced with the same volume of an aqueous solu- 
tion containing from 1 to 5 micrograms of diphosphopyridine nucleotide. Under the 
present experimental conditions the average CO 2 evolution (in excess of the blank) 
was approximately 25 c.mm. per hour per microgram of the working standard sample 
of diphosphopyridine nucleotide, the rate varying somewhat with different muscle 
extract preparations, but remaining constant for more than a week with any given 
preparation. Owing to lack of suitable equipment for shaking the muscle extract 
during removal, by charcoal, of the diphosphopyridine nucleotide initially present 
in the acetone powder, the blank values were larger than those observed by Jandorf, 
Klemperer, and Hastings, being here approximately 15-17 c.mm. per hour per 
manometric flask. Calibration curves were run frequently, usually with each deter- 
mination, using a freshly diluted diphosphopyridine nucleotide solution as reference. 

The diphosphopyridine nucleotide working standard was prepared from yeast by 
the method of Jandorf (11). It had a purity of 51 db 2 per cent, as determined by 
comparison, in the manometric system, with a reference sample of diphosphopyridine 
nucleotide which had been shown to have a purity of 92 per cent on the basis of di- 
thionite reduction and ultraviolet absorption. 

From thirty-three analyses carried out for oxidized diphosphopyridine nucleotide, 
the recovery of diphosphopyridine nucleotide was 96 per cent with a standard devia- 
tion of 6.9. 


EXPERIMENTAL RESULTS 

Diphosphopyridine Nucleotide Content of Arbacia Eggs . — In contrast to the 
results reported for diphosphothiamine in the previous paper, it was found that 
both the naturally present and the added diphosphopyridine nucleotide were 
relatively easy to recover quantitatively. The results obtained with a num- 
ber of extraction procedures are given in Table I. With the exception of one 
experiment (No. 42) where a relatively concentrated solution of the diphospho- 
P3rridine nucleotide was allowed to stand in contact with the packed eggs for 
some minutes before addition of extraction fluid and heating, the recoveries 
with add extraction fluids were satisfactory. 

Very early in the analyses it was observed that the apparent diphospho- 



B. J. JANDORF AND M. £. KRAHL 


753 


pyridine nucleotide content of the eggs tended to drop somewhat by 30 minutes 
after fertilization and still more by the 10th hour after fertilization. It seemed 
possible that this apparent decrease might be due to conversion, in the course 
of the egg development, of a part of the oxidized diphosphopyridine nucleotide 
to the dihydro form which would be destroyed during acid extraction (6). 

To test this possibility, a number of parallel extractions were made, extract- 
ing at pH 2 to obtain only the oxidized form, and at pH 12 to obtain only the 
reduced form. Confirming Euler and coworkers (6), the oxidized diphospho- 
pyridine nucleotide was rapidly destroyed in alkaline extraction fluids (No. 
78, Table I), indicating that any activity recovered at pH 8 or above was 
associated only with the reduced form of the diphosphopyridine nucleotide. 
These experiments indicated that (a) the eggs have approximately 25-40 per 
cent of their total diphosphopyridine nucleotide in the reduced state, (6) the 
ratio of the reduced form to the total does not vary substantially during the 
first 10 hours of development, and (c) the value for total diphosphopyridine 
nucleotide as estimated from the sum of the separate values for oxidized and 
reduced forms is equal to or somewhat greater than that obtained by simul- 
taneous extraction of both forms at a single pH in the range between pH 
3.5 and pH 8. 

Attempts to Demonstrate Triosephosphate and Glutamic Dehydrogenases in the 
Arbacia Egg, — Diphosphopyridine nucleotide is a component of both the 
triosephosphate (5) and the glutamic acid (12) dehydrogenase systems of 
animal tissues. Since fertilized Arbacia eggs can apparently consume both 
carbohydrate and amino acids during their early development (13), it would 
be of interest to know whether the eggs contain these two enzymes. 

There are reasons for believing that triosephosphate dehydrogenase might not 
be detected in Arbacia egg cytolysates, even if the enzyme is present in the intact 
egg. In the first place, Rapkine (14) has shown that the activity of triose- 
phosphate dehydrogenase from certain animal tissues is lost when the sulfhydryl 
groups of the enzymatically active protein are oxidized. In the second place, 
a number of naphthoquinones closely related to echinochrome have been found 
(15) to be excellent catalysts for oxidation of sulfhydryl groups. Thus, the 
echinochrome liberated from the pigment granules during cytolysis might 
seriously disturb tests for triosephosphate dehydrogenase and other enzyme 
systems in which activity is dependent on the presence of sulfhydryl groups in 
the reduced state. 

Since the time and the egg supply required for a thorough investigation of 
this problem were not available at the end of the 1941 season, preliminary tests 
for triosedehydrogenase were carried out, at 20°C., on egg cytolysates in a sys- 
tem analogous to that employed in the diphosphopyridine nucleotide assay 
system and also by the ferricyanide method (16). Egg cytolysates equivalent 
to 500 mg. wet eggs were used in both cases. Tests of both types were negative, 
as were tests for glutamic acid dehydrogenase by the ferricyanide mefthod. 
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It is proposed to continue the search for triosedehydrogenase in the echino- 
chrome-free Arhacia egg fractions employed during the season of 1941 by Hut- 
chens, Kopac, and Krahl (17) for cytochrome oxidase determinations by the 
Cartesian diver method and, at the same time, to explore the possibility that 
control of the state of oxidation of sulfhydryl groups in certain enzymatically 
active proteins may provide one physiological function for echinochrome. 

The authors are indebted to Mr. L. A. Baker for his assistance in preparing 
the eggs for analysis. 


SUMMARY 

1. The diphosphopyridine nucleotide content of Arbacia eggs has been 
measured manometrically and found to be approximately 250-500 micrograms 
per gm. wet weight of eggs, the value varying with individual egg samples and 
with the state of development of the eggs. Of the total diphosphopyridine 
nucleotide present, approximately 25-40 per cent is in an alkali-stable, pre- 
sumably the dihydro, form. 

2. Tests for triosephosphate and glutamic acid dehydrogenases carried out 
on Arhacia egg cytolysates were negative. 
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Although the chemical constitution and the physical properties of chlorophyll 
are well known, it is becoming increasingly clear that its behavior may be 
greatly modified through its attachment in the plant cell to a protein, which 
exists as a bearer. The notion of a chlorophyll-protein complex is not a new 
one. Beginning in 1884, with the suggestion of Reinke (1) that chlorophyll 
might exist in the form of a chlorophyll-protein complex very similar to hemo- 
globin, many authors (2-16) have from time to time supported the idea and, 
in some cases, have presented analytical evidence for its occurrence (10-12, 
14, 16, 17). Some of this evidence was obtained with isolated chloroplasts 
(16, 17). In addition, French (17fl) has investigated the pigment-protein 
complex from bacteria. 

Until recently, methods for the isolation of the pigment-protein complex 
have been rather unsatisfactory. While a number of workers (5, 10-15) 
have indicated that it is possible to extract a protein, only Stoll and Wiedemann 
(12), Menke (10), and Smith (14) have been able to purify their preparations 
by fractionation with ammonium sulfate. In particular, Menke (10) has 
pointed out that he was able to separate the chlorophyll-protein complex 
from the cytoplasmic proteins. 

Although it seems probable from nitrogen analyses, behavior with am- 
monium sulfate, and sedimentation studies (18) that the chlorophyll is actually 
attached to or bound with a protein into some sort of complex, it seemed 
desirable to obtain more information concerning the electrophoretic behavior 
of the complex in as unaltered a state as possible. It was particularly desirable 
to consider at least two unrelated species of plants. Such an investigation, 
aside from yielding information concerning the protein nature of the complex, 
should help explain the unusual behavior of the protein at various values of 
pH. In addition, it should indicate whether the protein complex is the same 
or differs from species to species. 

In 1912, Herlitzka (19) subjected the press juice of leaves to electrophoresis 

* A preliminary note has already appeared (26). 

t This work was supported, in part, by a grant made to one of us (L. S. M.) by 
the Graduate School of the University of Minnesota. 
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and noticed its migration to the anode. Later, Bakker (20) found that aqueous 
suspensions of chlorophyll, precipitated from acetone solutions and frw from 
protein, were negatively charged but became positive on exposure to light for 
several hours. Elatz and Wassink (21) reported that green aqueous extracts 
prepared from CJdorella, were negative at concentrations of HCl up to 0.001 N, 
ceased movement in 0.002 N HCl, and reversed in direction at slightly higher 
concentrations. Neish (17) observed that chJoroplasts isolated from Tri- 
folium, although negative in distilled water, were isoelectric at about pH 3.7. 
Shafer also reported that aqueous chlorophyll suspensions were negative, but 
the conditions were not clearly described. Aside from these brief reports, 
there has been no thorough investigation of the electrophoretic behavior of the 
chlorophyll-protein complex. Although much of the evidence in the literature 
was obtained by using isolated chloroplasts, the results to be reported here 
were obtained with highly purified preparations of the chlorophyll-protein 
complex. 


Methods 

Preparation of the Complex. — Suspensions of the chlorophyll-protein complex were 
prepared by a modification of the methods of Menke (10) and Stoll and Wiedemann 
(12). Leaves of both Aspidistra elatior Blume and Phaseolus vulgaris L. (var. white 
navy) were used. The leaves were separated from the stems, washed free from excess 
dirt, and ground mechanically in a porcelain mortar, with m/ 1(X) phosphate buffer 
at pH 7.3’-7.5. Sand was not used, lest the grinding disperse some of the sand 
particles colloidally and interfere with the electrophoretic studies. The deep green 
suspensions obtained by grinding were filtered through muslin and then centrifuged 
for 30 minutes at top speed in a Swedish angle centrifuge to remove nuclear fragments 
and cellular debris. For the navy bean, the supernatant was made 1.3 m with respect 
to ammonium sulfate, which had been previously neutralized to pH 7.0. With 
Aspidistra, the molarity of the ammonium sulfate necessary to effect precipitation 
was somewhat higher, namely 1.9 m. This latter concentration agrees with that used 
by Smith (14). After about an hour, the suspensions were centrifuged at top speed 
for 30 minutes, whereupon the green material sedimented, leaving a yellow-brown 
supernatant. At times, the supernatant appeared slightly green in color after the 
first precipitation and centrifugation, indicating that not all of the chlorophyll- 
protein had been precipitated and that the concentration of salt used in the precipita- 
tion was minimal. Thus, even on the first precipitation, a large part of the impurities 
and foreign protein remained in the solution. While still moist, the green s^iment 
was taken up in the phosphate buffer mixture and the operation of precipitation and 
suspension repeated twice more in the course of several hours. As Stoll and Wiede- 
mann point out, a double repetition of the precipitating operation exhausts its effec- 
tiveness. The green material was finally resuspended in some of the original buffer 
mixture and dialyzed against the same buffer until free from sulfate. All preparative 
operations were carried out at 0®C., and in the absence of metal. No appreciable 
loss from denaturation was noticed. 
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When it was essential to have a preparation completely free from salt, the green 
sediment obtained on the final centrifugation was resuspended in distilled water (dis- 
tilled in glass) and dialyzed until sulfate-free. This method produced no apparent 
change in the properties of the material. 

At this point it may be well to point out that the concentration of ammonium 
sulfate necessary to effect precipitation of the chlorophyll-protein complex was 
markedly influenced by the time period over which the salting-out was aUowed to 
take place. This agrees with the observations of Menke. 

We also attempted to use a Waring blender but found that a large volume of foam 
was produced, with considerable denaturation, on the disruption of the leaf material. 
Furthermore, the material purified in this way not only precipitated quite rapidly 
during the course of several days, but in contrast with preparations made by other 
means the agglomerates failed to pass through ordinary filter paper. 

Electrophoresis . — All measurements of electrophoresis were made in an Abramson 
t 3 rpe of microelectrophoresis cell following the techniques described in detail by 
Moyer (22). This method was especially suitable because of the particulate char- 
acter of the purified suspensions. Unless otherwise stated, measurements were made 
in m/50 acetate buffers at an ionic strength of 0.02. The mobilities, in /z/sec./volt/ 
cm., were corrected to 25°C. from room temperature by correcting for changes in 
viscosity. Both quinhydrone and glass electrodes were used to determine pH. 

When the purified material was used, an aliquot of the concentrated suspension 
(0.25 to 0.50 cc.) was added to the buffer salt and the suspension brought to the 
desired volume and pH by the addition of acetic acid and water. When quartz or 
collodion particles were used, these were first suspended in the concentrated chloro- 
phyll-protein solution for about 15 minutes to insure complete coating before addition 
of the buffer, as above. This procedure minimized the amount of clumping that 
resulted when the chlorophyll-protein complex was suspended in buffers on the acid 
side of its isoelectric point. 


EXPERIMENTAL 

General Properties of the Complex . — ^Purified suspensions of the chlorophyll- 
protein complex exhibit several interesting properties. They are deep green 
in color and exceedingly stable, remaining apparently unaltered over a long 
period of time, either at the pH of the phosphate buffer (pH 7.3~7.5), or, after 
dialysis against distilled water, at about pH 6.0. In addition, the suspensions 
exhibit the physical characteristics described by other workers (5, 12-15): a 
strong maximum absorption band at about 678 m/x, photostability, red fluo- 
rescence, and sensitivity to protein coagulants. On the other hand, either an 
increase in temperature, removal of water by drying, or freezing can denature 
the material. Smith (14) pointed out that flocculation of the chloroplast 
material from both Aspidistra and Spinacia takes place below pH 4.5. We 
have found that our purified extract flocculates almost instantaneously at and 
below the isoelectric point. Flocculation or denaturation on the acid side of 
the isoelectric point is not inhibited by carrying out the operations at 0®C. 
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Acetone or alcohol splits the complex. If ether is layered above the suspension, 
alcohol or acetone will cause the chlorophyll to pass into the ether phase, as 
the protein precipitates. Gentle shaking of the material with ether alone 
causes little, if any, of the chlorophyll to pass into the ether layer. Vigorous 
shaking, which splits the pigment-protein complex, results in a more intense 
coloring of the ether layer. This last result agrees with the observations of 
Stoll and Wiedemann (12) and of Smith (14). Similar treatment with petro- 
leum ether is without effect. 

Stoll and Wiedemann (12) have stated that electrolytes, e.g. NaCl, split the 
complex and cause the color to pass into the ether phase on shaking. It 
seemed desirable to re-examine this point in view of the fact that several 
authors report the use of NaCl for extractive purposes. Suspensions of the 
green material, from bean, were made 0.25 m with respect to any one of the 
foUowing salts: NH4CNS, KCNS, LiCl, KCl, NaCl, and KI. The solutions 
were then gently shaken with ether; none of the chlorophyll, as compared 
with a control, passed into the ether layer. The solutions were allowed to 
remain in contact with both ether and salt for 12 hours at 0°C. and re-examined. 
In most cases, there was a noticeable precipitation of the complex. Other 
than this, none of the chlorophyll had passed into the ether layer during the 
intervening time. 

Particle Size. — ^Lubimenko’s (5) extracts were transparent and the pigment 
could not be removed by centrifugation, although both Mommaerts (11) and 
Smith (14) state that the chloroplast material could be centrifuged at rather 
moderate rates of speed (3000 to 4000 r.p.m.). Shafer (13), however, noticed 
that his suspensions, although never clear, were difficult to centrifuge. In a 
more extensive investigation of this point, Stoll and Wiedemann (12), as well as 
Anson (15), pointed out that their preparations were optically empty in bright 
field, when oil-immersion was used, but, in dark field, Stoll and Wiedemann 
noticed Brownian motion of particles, which, they suggest, had been formed by 
agglomeration. We, too, have found that the purified pigment-protein, 
prepared as described above, contains particles or agglomerates sufficiently 
large for electrophoretic examination. Centrifugation for 1 hour at 3000 
R.P.M. produced a preparation that was optically empty in bright field (1100 X 
magnification). Suspensions centrifuged for 2 hours at the same speed, 
although optically empty in bright field, nevertheless exhibited lively Brownian 
motion at the limits of microscopic visibility in dark field. It is possible that 
the elementary particle is large, in view of the finding of Loring, Osborn, and 
Wyckoff (18) that its sedimentation constant is extremely large. In contrast 
to this, Anson (15) found that the green particles were almost completely 
sedimented at 20,000 R.P.M., sedimenting more rapidly than the molecules 
of tobacco mosaic virus. 

Electrophoresis , — ^Electrophoretic data obtained with two different instru- 
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ments were in excellent agreement. The mobility-pH curve of bean is shown 
in Fig. 1. The various circles represent similar samples prepared at different 
times. The green microscopic particles, which make up the suspension, are 
isoelectric at pH 4.70 in m/SO acetate buffer at 2S®C. The particles migrate 
independent of size, shape, or degree of clumping. Particles at the limits of 
microscopic visibility migrated at the same rate as the larger ones. In fact, 
the |>articles behaved as though their surfaces were exceedingly uniform. 




Fig. 1 


Fig. 2 


Fig. 1. The electrophoretic mobility-pH curve of the chlorophyll-protein complex 
from navy bean in m/50 acetate buffer, at /i » 0.02 and 25°C. Different circles 
represent various preparations. The smooth curve has been drawn to fit the points. 
The isoelectric point is at pH 4.70. 

Fig. 2. The effect of m/25 acetic acid on the electrophoretic mobility of the chloro- 
phyll-protein complex from navy bean (curve I). The different circles represent 
various preparations treated with acid at pH 3.1 and resuspended in m/50 acetate 
buffer, at /X = 0*92 and 25®C. Curve II is a smooth (dashed) curve drawn from 
Fig. 1 for comparison. The isoelectric point of the acid-treated material is at pH 5.05. 


Under these conditions, the curve tends to flatten out on the negative side at 
about pH 6.5 and on the positive side at pH 3.6. 

At and below the isoelectric point the chromoprotein is readily flocculated, 
which confirms Smith’s observation that suspensions flocculated at pH 4.5 or 
below have been altered by the acid. This raised the questions as to whether 
the flocculation is the result of denaturation and whether it is reversible. 
The complex was therefore treated with m/25 acetic acid at pH 3.1 (above 
the limit of pheophy tin formation) for about 30 minutes. The treated material 
was then resuspended in more alkaline buffers and its mobility determined 
(Fig. 2). Curve I shows the altered mobility of the acid-treated material; 
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the various circles represent different preparations of the chlorophyll-protein 
complex. The dashed curve (II) is that of the untreated material, drawn for 
comparison. It is evident that the behavior of the material has been so 
altered that its isoelectric point now lies at pH 5.05. The curves are nearly 
parallel on the negative side but converge on the positive side. This suggests 
that nearly all the experiments on the acid side of the isoelectric point in Fig. 1 
were affected by the acid conditions under which the measurements had been 
made. Investigations of the rate of this denaturation indicated that it is 
virtually complete within 5 to 10 minutes at pH 3.1 and 25'’C. At pH values 
more basic than 3.1, the process is less rapid. 

A similar experiment was done with Aspidistra. The mobility-pH curves 
for both the native and acid-treated material at an ionic strength of 0.02 and 
25®C. are presented in Fig. 3. The closed circles designate the behavior of the 
untreated material and the open circles, the acid-treated. Notice the sharp 
discontinuity in the curve in the region of the isoelectric point. This again 
indicates that acid media can denature the complex and alter its isoelectric 
point. In fact, it is only by extrapolation that a value for this point can be 
obtained, near pH 3.9. When the complex was exposed to acidities below 
pH 4.24, its mobility was rapidly altered and the shifted curve on the acid side 
of the isoelectric point was found. If now the material was treated with 
m/25 acetic acid at pH 3.1 and resuspended in more basic buffers, results such 
as those represented by the open circles were obtained. These form a smooth 
curve (dashed) continuous with the untreated material in acid buffers. The 
isoelectric point was now at pH 4.24. It is evident from Figs. 1 and 3 that the 
behavior of the complex is different in the two species. 

Menke (10) has reported the isolation of a chloroplast substance and a 
cytoplasmic substance by fractional precipitation with ammonium sulfate. 
This suggested to us that the results obtained above might have been con- 
ditioned by the presence of impurities originating from the cytoplasm. That 
appreciable amounts of dissolved protein, capable of being adsorbed by the 
chlorophyll-protein aggregates, were not present in the highly purified prepara- 
tions of the complex could be demonstrated by suspending particles of quartz 
or collodion in clear green suspensions of the complex obtained by centrifuga- 
tion at 3000 R.F.M. It has been repeatedly shown (23) that when inert particles 
are suspended in protein solutions, they assume an electrophoretic mobility 
that is usually characteristic of the mobility of the dissolved protein molecules. 
Similarly, these added particles assumed an electrophoretic behavior identical, 
within the limits of error, with the aggregates of the complex. These results 
are shown by the points on Curve I of Fig. 4, which has been drawn from Fig. 1 
for comparison. 

There was, of course, the possibility that proteins from the cytoplasm might 
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be readfly adsorbed, both by chlorophyll-protein and by inert surfaces. The 
supernatant, which remains after the first precipitation of Phaseolus with 
ammonium sulfate, still contains some of the chlorophyll-protein complex. 
To remove this residue, the concentration of ammonium sulfate was raised to 




Fig. 3. The electrophoretic mobility-pH curve of the chlorophyll-protein complex 
from Aspidistra in m/50 acetate buffer, at /x » 0.02 and 25^C. The closed circles 
represent the behavior of the untreated material, although those in the acid region 
show a definite discontinuity. The open circles represent the behavior of the complex 
treated with m/25 acetic acid at pH 3.1 and resuspended in more alkaline buffers. 
The acid-treated material forms a smooth curve with the positively charged particles 
through an isoelectric point at pH 4.24. The isoelectric point of the undenatured 
material can only be obtained by extrapolation. It is at pH 3.9. 

Fig. 4. A comparison of the electrophoretic mobility-pH curves of quartz (•, A) 
and collodion (O, A) coated with the chlorophyll-protein complex and the cyto- 
plasmic protein complex, in m/50 acetate buffer, at /x 0.02 and 25^C. The dashed 
curve is drawn from Fig. 1 for comparison. The smooth curve (II) has been drawn 
to fit the points. The isoelectric point of the adsorbed cytoplasmic protein is at 
pH 4.22. 

half saturation, the pigment-protein complex was precipitated, and centri- 
fuged. The yellow-brown supernatant was then dialyzed against m/100 
phosphate buffer at 0®C. Quartz and collodion particles were suspended in the 
clear dialyzed supernatant and their electrophoretic mobilities determined. 
The data are plotted as Curve II of Fig. 4. The isoelectric point of the cyto- 
plasmic protein adsorbed by the particles is at pH 4.22, as compared with pH 
4.70 for the chromoprotein. 
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DISCUSSION 

A comparison of the data for the monocotyledonous Aspidistra and the 
dicotyledonous Phaseolus shows that distinct differences exist between genera. 
Although the analyses of Smith (14) suggested to him that Spinacia and 
Aspidistra were so nearly identical that analyses could be averaged, he does, 
however, report a difference in their response to precipitating salts. Not 
only do As^istra and navy bean differ in their ease of precipitation by am- 
monium sulfate, the former precipitating like a globulin and the latter like 
an albumin, but their mobility-pH curves (diagrammed in Figs. 3 and 4) 
are clearly distinct. At the same conditions of ionic strength and tempera- 
ture, the navy bean has an isoelectric point at pH 4.70 and Aspidistra (when 
extrapolated) at about pH 3.9. These differences between the genera indicate 
a very definite specificity in the constitution of the complex, despite the fact 
that the chlorophyll is the same in both. This difference may be attributed to 
variations in either the lipid or the protein bearer. 

The effect of various uni-univalent electrolytes on the stability of the 
chlorophyll-protein complex seems to contradict the results of Stoll and 
Wiedemann (12). They claimed that when a suspension of the green material, 
treated with an electrolyte like NaCl, was shaken with ether, the pigment 
readily passed into the ether layer, and concluded that this was due to the 
presence of the salt. We find, however, that this results only when the suspen- 
sion is vigorously shaken with ether or when the complex is allowed to warm 
up to room temperature; both of these treatments, we have shown, however, 
split the chromoprotein in the absence of salt. These conclusions agree with 
those of Shafer (13) and Anson (15), who have used dilute salt solutions to 
prepare stable suspensions of the green material. 

The mobility-pH curves of Phaseolus and Aspidistra^ together with their 
isoelectric points, fall within the range characteristic of protein systems. 
The analytical evidence of Mommaerts, Stoll and Wiedemann, and Smith also 
indicates that the complex contains a protein. This, together with the facts 
that the green material is thrown out of solution by protein precipitants and 
sediments as a large unit in the centrifugal field (18), indicates quite definitely 
that chlorophyll is bound to a protein. 

From Fig. 1 it would appear that the protein from bean remains essentially 
unchanged over the entire range of pH investigated. Previous reports (14) 
had indicated, however, that the pigment-protein complex flocculates and is 
irreversibly denatured below the isoelectric point. Not only did we find this, 
but when the green material, which had been treated with acid below the 
isoelectric point, was brought back into more alkaline buffers, its electro- 
phoretic mobility no longer agreed with that of the native, undenatured 
material but was shifted to more basic values. In the case of Aspidistra^ the 
differences between the native and the acid denatured material were more 
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marked. In fact, with the techniques employed here, it was impossible to 
obtain an isoelectric point for the undenatured material. In this, respect, the 
chlorophyll-protein complex is similar to hog thyroglobulin, which, as shown by 
Heidelberger and Pedersen (24), is also denatured by dilute acids and exhibits a 
shifted mobility curve below its isoelectric point. 

The preparations used in this investigation were apparently homogeneous 
and the data were remarkably uniform. Neither the aggregates of green 
material nor quartz and collodion particles coated with it exhibited any electro- 
phoretic differences within the limits of experimental error. Even if the 
^-ggregates are not agglomerates of the chlorophyll-protein complex, at least 
they are coated by the same dissolved or dispersed substance that is adsorbed 
by quartz or collodion. In any case, it is clear that the protein adsorbed from 
the cytoplasmic material by quartz or collodion is quite different from that 
forming the surface of the green particle (Fig. 4). This does not imply that 
only one protein is present in the cytoplasm but, as in the case of other mixed 
systems (25), it seems that one, at least, tends to be selectively adsorbed. In 
the light of the foregoing evidence, it seems most likely that what we have been 
investigating arc the surface properties of the chlorophyll-protein complex 
itself. The moving boundary method of electrophoresis should clarify the 
situation. 

SUMMARY 

1. Reported effects of different conditions on the stability of the purified 
chlorophyll-protein complex have been confirmed. 

2. The electrophoretic behavior of the chlorophyll-protein complex prepared 
from two unrelated species of plants {Aspidistra elatior and Phaseolus vulgaris) 
has been investigated and shown to be dissimilar. In m/50 acetate buffer 
at 25°C, the isoelectric point of the complex from Phaseolus is at pH 4.70, 
whereas that from Aspidistra is at pH 3.9 (extrapolated). These values fall 
within the usual range of protein isoelectric points. 

3. Treatment with weak acids causes an irreversible denaturation of the 
protein complex from both species, with a resultant shift in the mobility-pH 
curves to more basic values. 

4. Differences in electrophoretic behavior between the chlorophyll-protein 
complex and the cytoplasmic proteins of Phaseolus have been demonstrated. 
The isoelectric point of the latter is at pH 4.22. 

We wish to express our appreciation to Prof. R. A. Gortner for his help and 
encouragement throughout the course of this work. 
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INTRODUCTION 

The analysis of measurements of the alternating current impedance of tissues, 
cell suspensions, and single cells has shown that the cell membrane has a capa- 
city of about 1 yl/cm? and an associated dielectric loss similar to that found 
in solid dielectrics. Because the capacity is relatively constant for many 
cells and under various conditions, it and the loss are probably characteristics 
of the molecular structure in the ion-impermeable part of the membrane. 
In the case of a few cells it has been possible to measure a leakage resistance of 
the membrane. This resistance is dependent upon the condition of the cell 
and may be ascribed to the transfer of ions across the membrane. The ion 
permeability of the membrane is an important factor in the functioning of the 
cell but its electrical measurement as a leakage conductance is dependent upon 
a favorable combination of the size and shape of the cell and the resistance of 
the medium (Cole, 1937, 1940). The ideal material for physiological work of 
this nature is a single large cell of regular shape which is normally found in an 
environment of low salt concentration. The frog egg seemed to meet these 
requirements and this work was undertaken to determine the plasma membrane 
resistance of the unfertilized and fertilized egg. In addition it has been 
possible to determine the membrane capacity and phase angle, and the internal 
resistance for the unfertilized and fertilized egg in spring water and in diluted 
amphibian Ringer’s. The stability of the impedance was also of interest 
because of the spontaneous, rhythmic impedance fluctuations observed in the 
trout egg by Hubbard and Rothschild (1939). 

Material and Apparatus 

Single eggs of the leopard frog, Rana pipiens, were used throughout. The eggs were 
stripped from the frog and immediately placed in the measuring cell. Eggs which 
were to be fertilized were stripped from females previously injected with frog pitui- 
taries (Rugh, 1934) so that they were sexually mature in the fall and winter months. 
These eggs were allowed to fall into spring water or 10 per cent Ringer’s solution (1 
part amphibian Ringer’s to 9 parts of distilled water), artificially inseminated, and 
placed in the measuring cell. Only those eggs, eight in number, which showed sub- 
sequent development to at least the two-cell stage were designated as fertilized eggs. 
Checking the fertilizability of the unfertilized eggs (two in number) after a run would 
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not have had any particular value because it is well known that these eggs lose their 
fertilizability very soon after removal from the body. 

In addition to the fertilized and unfertilized group, there was another group of eggs 
designated “undetermined” (nine eggs). These eggs were treated with sperm solution 
prior to measurement but whether or not their insemination was successful could not 
be proved, inasmuch as when it was next possible to examine them some days later, 
they had undergone decomposition. Thus it was impossible to determine whether 
they had died because of injury subsequent to fertilization and early development or 
whether they had been unsuccessfully inseminated and never developed at all. 



Fig. 1. Chamber for measuring impedance of single frog eggs. When .assembled 
the diaphragms are in contact. (The broken lines on either side of the egg represent 
pieces of cheesecloth which hold the egg in place.) 

A few measurements were made upon eggs which were known to be dead. In these 
cases the impedance was independent of frequency and close to that obtained for the 
medium alone. Measurements were also made on the vitelline membrane alone which 
showed that it had approximately the conductivity of the medium. 

After preliminary experiments with other types, a measuring cell of the form used 
by Frick and Morse (1925) was adopted for these experiments. As is shown in Fig. 1, 
each platinized platinum electrode of this cell was sealed into a cup with a ground 
lip. When the two cups were clamped together directly or with flat diaphragms be- 
tween them a watertight joint was formed. The egg was placed in a circular hole, 
0.216 cm. in diameter, drilled in the center of a hard rubber diaphragm, 0.164 cm. 
thick. The adhering jelly served to center the egg in the hole and a small piece of 
moistened cheesecloth on each side kept the egg from being forced out of the hole by 
momentary pressure differences. Each piece of cheesecloth in turn was held in 
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place by another diaphragm having a center hole, 0.6 cm. in diameter. These three 
diaphragms were placed between the ground lips of the electrode cups, the whole 
clamped together and filled with spring water or 10 per cent amphibian Ringer's 
solution through the tubes at the top and bottom of each cup. 

An alternating current Wheatstone bridge similar to that described by Cole and 
Curtis (1937) was used for the measurements. A set of measurements was made at 
eight frequencies from 50 cycles to 10 kc. first with and then without an egg in place. 
At each frequency the parallel resistance, Rp, and capacity, Cp, were measured. The 
temperature was not controlled but several check measurements were taken, usually 
at 1 kc., during the course of each run and correction made for the effect of tempera- 
ture change when necessary. 

Corrections and Calculations 

In other work it has usually been necessary to apply a correction for the 
polarization impedance of the electrodes but in this case with electrodes 3.3 



Fig. 2. Frequency impedance locus, t.e. series resistance, R., vs. series reactance, 
Xmj of (a) unfertilized and (b) fertilized frog egg. Frequencies indicated are in 
kilocycles per second. 


cm. in diameter this impedance was negligible. The series resistance, R,, 
and series reactance, at each frequency were then computed from the 
measured resistance and capacity and plotted as abscissae and ordinates, 
respectively, of the impedance locus (Cole, 1928 a). A typical locus for an 
unfertilized frog egg is shown in Fig. 2 a and for a fertilized egg in Fig. 2 6. 

End Efect 

Before these data can be interpreted, it is necessary to consider the current 
flow between each electrode and the end of the cylindrical hole in the diaphragm 
facing it. This resistance of this region depends upon the specific resistance 
of the electrolyte, the separation between the electrode and the diaphragm, 
and the diameters of the hole, the vessel, and the electrodes. The current 
from the electrode converges rapidly in the electrolyte outside the diaphragm 
as it approaches the hole and encounters a resistance which is practically 
independent of the length and contents of the hole. This resistance could be 
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measured directiy if the central hole were filled with metal or if a very thin 
diaphragm having a central hole of the same diameter were used. However, 
these measurements would be complicated by the polarization impedance of 
the metal faces in the first case and the dielectric capacity of the diaphragm 
in the second case. A third possibility is to vary the length of the hole by 
using diaphragms of different thickness and obtain the^ resistance for zero 
length by extrapolation. The results of this latter experiment with five dia- 
phragms having holes 0.216 cm. in diameter are shown in Fig. 3. The measured 
resistance with the diaphragm 0.164 cm. thick used for the eggs is 2,600 ohms 
and the extrapolated resistance for zero thickness is 1,300 ohms. Consequently 
the end effect is 50 per cent of the resistance observed for the experimental 


to 
8 

R ^ 
ohmsxtO^ ^ 

2 
0 

daphrogm Hdkness - mnu 

Fig. 3. The overall resistance, R, in thousands of ohms, of measuring chamber and 
diaphragm plotted against diaphragm thickness in millimeters. Each diaphragm 
had a central hole 0.216 cm. in diameter. The medium was spring water. 

diaphragm without an egg in place. This value was then subtracted from the 
series resistance obtained at each frequency to correct for the resistance of the 
electrolyte on each side of the diaphragm. 

From the extrapolation to the axis of abscissae, it is found that the end 
effect is equivalent to an added hole length of 0.16 cm. If the equivalent hole 
length /' is /' = / -f- ya, where I is the actual length and a the radius of the 
hole, then 7 = 1.48 experimentally. An approximate calculation for extensive 
electrolyte and large distant electrodes gives 7 = 1.S7 and Rayleigh gives 
7 = 1.64 as a better value (Jeans, 1927, page 358). However, the electrodes 
are only 0.75 cm. from each side of the disc and this reduces the computed 
value of 7 by about 0.10 (Gray, Mathews, and MacRobert, 1922, page 145). 
The finite diameter of the cups and the electrodes increases 7 but oidy by a 
negligible amount (Gray, Mathews, and MacRobert, 1922, page 147). The 
theoretical value is then in the neighborhood of 7 = 1.5 and the agreement 
with the experimental value of 7 = 1.48 is better than should be expected. 
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Effective Volume Concentration 

The next step in the analysis is to consider the distribution of current flow 
around and through the egg in the cylindrical hole. The resistance, r, of a 
cubical cell containing a small sphere is most easily obtained by the assumption 
that the field strength at the boundaries of the cell is not modified by the 
sphere. On this basis Fricke (1924) found 

1 - fj/r ^ 1 - fi/fj 

3 ^ 2 + fi/fj 

where ri and f 2 are the specific resistance of the medium and the sphere respec- 
tively, and p is the fraction of the volume occupied by the sphere. Obviously 
this equation will apply for any shape of boundary if it is everywhere sufficiently 
remote from the sphere. It will also apply for a dilute suspension of spheres 
in which the field at a single sphere is not affected by the presence of the others. 
As the fractional volume p is increased, the field inside a sphere is altered by 
the walls or by the other spheres of a suspension. If this internal field remains 
uniform and is determined by the average field in the system, the next approxi- 
mation is the Maxwell (1873, section 313) equation for a random suspension 

Lr ^ d) 

2 + riff 2 -|- fi/fi 

This equation also applies to an approximately cubical arrangement of spheres 
(Rayleigh, 1892) and consequently to a single sphere in a nearly cubical cell. 
We then expect that the exact shape of the measuring cell is not particularly 
important and that equation (1) will also apply to a sphere in a short cylindrical 
hole. This is easily shown to be true if the internal field is uniform and deter- 
mined by the average field in the system. However, when the effect of the 
sphere becomes too large, this assumption will not be valid and a more com- 
plete theory is necessary to give these limits. Since this theory is not available 
the validity of equation (1) can only be established experimentally. 

In the case of a non-conducting sphere, which is the most critical theoretically 
and the most easily tested, equation (1) becomes 

(1 - rx/r)/(2 + fi/r) « p/2 (2) 

To test this equation for a non-conducting sphere, one end of a fine glass rod 
was melted down until it became a sphere of the proper size. This sphere was 
then held in the center of the hole by the attached rod which in turn was ce- 
mented to a glass bridge on one side of the diaphragm. The effect of the rod 
and bridge was negligible because they were small and in regions of low current 
density. In Fig. 4, the left hand side of equation (2) is computed from the 
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measured resistances and plotted against the volume, i^, of the sphere. The 
linear relation for small values of v justifies the use of equation (2). 

The linear relation between these two quantities is expected according to 
equation (2) for small values of v. With the larger values of v, the assumptions 
of equation (2) are no longer valid, and the measurements do not lie on the 
straight line. For example, if the diameter of the sphere is equal to that of 
the cylindrical hole the resistance is infinite and (1 — ^iA)/(2 + fi/r) — • 0.5. 
But according to equation (2), the resistance should not become infinite until 
V = V, the volume of the cylinder. Then by extrapolation of the straight line 
obtained for small v we find V = 6.3 mm.®. Although the actual volume of 
the cylinder was 6.0 mm.®, the extrapolated value may be used as an apparent 



Fig. 4. The volume of the glass sphere in cm®, plotted against the expression 
(1 — ri/r)/(2 + ri/r), where n is the resistance in ohms of the medium and r, the 
resistance in ohms with the sphere in place. The experimental points are joined by 
an unbroken line, while the extrapolation of the straight line is represented by a broken 
line. 

or effective volume. Equation (2) may then be used for values of p up to 50 
per cent and p = v/V, where v is the volume of the egg computed from its 
diameter and V is the effective volume of the cylindrical cell. 

Internal Resistance 

The impedance loci of Fig. 2 are approximately circular arcs and may be 
extrapolated to the resistance axis to give r©, the zero frequency resistance at 
one end and the infinite frequency resistance at the other end. If we 
assume that the membrane impedance is negligible at infinite frequency, the 
internal resistance r* may be computed by equation (1) where f = 

1 ~ fl/fflo 1 — Ti/fi 

2 + fiAao ^2 + ri/ri’ 

The values for rt so obtained are given in Table I. 


( 3 ) 
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Membrane Resistance 

In a similar manner the resistance, f 2 , of an equivalent uniform sphere at 
zero frequency may be computed when r = ro, 

1 _ i - 

2 -f- fi/ro ^ 2 + ri/f2 

If the egg has an electrically homogenous interior of specific resistance r 2 
surrounded by a thin membrane of resistance per unit area, the equivalent 
resistance is given by 


®= >'2 + ra/fl (5) 

where a is the radius of the egg (Cole, 1928 a). The membrane resistances 
may now be obtained from the values of f 2 , r 2 , and a previously found. These 
results are given in Table I. 

Membrane Phase Angle and Capacity 

The formulae previously used to calculate the membrane capacity cannot 
be used because they have been based on the assumption that the membrane 
conductance was negligible. The fact that the zero frequency resistances 
were usually larger for the medium alone than with an egg in place shows that 
the equivalent resistance of the egg is less than the resistance of the medium 
and that the assumption of a negligible conductance is not valid. 

On the basis of previous work, summarized by Cole (1940), it will be assumed 
that the membrane resistance, rsi and the dielectric impedance, Z 4 , are in 
parallel. The membrane impedance is then given by \/Zm = l/rs + l/z 4 . 
The equivalent egg resistance, f 2 , in equation (1) is now replaced by the 
equivalent impedance Z 2 = ^2 + ^m/a and by rearrangement equation (1) 
becomes 

(1 — p)r\ + (2 + p)r% + [(1 •- p)ri + (2 + p)(r 2 + ul<i) \sjrz . 

^ (1 -j- 2p)fi -h 2(1 — p)rs + 1(1 + 2p)ri + 2(1 — p)(rj + rtla)]zi/r^ 

This equation is of the same form as for a negligible membrane conductance. 
For a constant phase angle dielectric impedance Za = the impedance 

locus of z should be a circular arc of central angle, 2(p = a ir (Cole, 1928 a, 
1932). As seen in Fig. 2 this is approximately true. The values of <p found 
are between 80® and 88.5® and the average value is 86®. 

Solving equation (6) for za and introducing the values for f 0 and r^ from equa- 
tions (3) and (4), we obtain 


Za 


[(1 + 2p)ri + 2(1 -- p)r 2 ]ri g - f qq 
( 1 -4- 2p)ri + 2(1 - p)(r 2 + r,/a)’ r 0 - « 


(7) 
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The frequency for which the reactance component of the measured impedance 
8 is a maximum may be called the characteristic frequency, il, (Cole and Curtis, 
1936). At this frequency, the absolute value 



- 1 


and if Zt were that of a pure capacity zt == 1/Ci«m we have 


Cm 





J 

1 "f 2p 
2(1 - p) 


'■) 



( 8 ) 


where « = 27rn. 

This equation is not strictly valid because the phase angle of Zi is somewhat 
less than 90®, but it gives the capacity component of the membrane impedance 
to within 1 per cent in the present experiments. The values of Cm obtained 
under various conditions are given in Table I. 

DISCUSSION OF RESULTS 

The results of the study of the electrical parameters of the frog egg are 
summarized in Table I. 

IfUernal Specific Resistance . — ^The internal specific resistance of the cell, ra, 
is dependent upon the concentration and mobilities of ions in the cell interior. 
It was calculated on the assumption that the membrane has a negligible re- 
sistance at the infinite frequency extrapolation. The average value obtained 
for the nineteen eggs studied was 570 ohm cm. This value can be compared 
with the value of 2(X) ohm cm. obtained by Holzer (1933) for unfertilized trout 
eggs, which are also fresh water eggs and with the values obtained by Cole 
et al. for various marine eggs {Arbacia (1928 b, 1936 6, 1938), Asterias, (1936 a), 
HipponoS (1935), Cumingia and Chaetopterus (1938)) which also are approxi- 
mately 2(X) ohm cm. 

Membrane Resistance . — ^The membrane resistance is probably a measure 
of the membrane permeability to ions. It is dependent upon the condition 
of the cell, being altered during cell activity (Cole and Curtis, Nitella (1938), 
squid axon (1939)) and during narcosis (Guttman, 1939). The average 
membrane resistance value obtained for the frog egg was 170 ohm cm^. Be- 
cause of technical difficulties it has in the past been impossible to measure the 
membrane resistance of most cells studied with impedance methods. There are 
therefore few data with which the frog egg value may be compared. Holzer 
(1933) obtained a value of 6(XX) ohm cm^. for the membrane resistance of 
unfertilized trout eggs. The value obtained for the frog egg lies in the general 
range of resistances foimd by Blinks for Valonia (1930) and Halicystis (1938), 
by Cole and Hodgkin for the squid axon (1939), and by Bozler and Cole (1935) 
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for frog sartorius muscle. This suggests that the ion permeabilities of the 
membranes of these cells are comparable. 

Membrane Capacity . — ^Unlike membrane resistance, membrane capacity is 
a fairly inert characteristic of the cell membrane, ch ang i n g neither during 
activity nor narcosis of the cell. It probably is associated with the ion- 
impermeable aspect of the cell membrane. The average value obtained for 
the frog egg was 2.0 iii/cm?. Almost all living cells thus far measured have 

TABLE I 

Cakvlation of Electrical Parameters of Sin^ Frog Eggs wider Various CoudUious 


rs, internal specific resistance in ohm cm.; rj, membrane resistance in ohm cm.*; Cm, mem- 
brane capacity in /if/cm.* Numbers in parentheses indicate number of eggs in each case. 


f] 

10 per cent Ringer 

Spring water 

Average 

Fertilized 

625 (6) 

510 (2) 

620(8) 

Unfertilized 




Undetermined 

590(8) 

320 (1) 

560(9) 

Average 


430(4) 

570 (19) 

ri 

10 per cent Ringer 

Spring water 

Average 

Fertilized 

140(6) 

390(2) 

200(8) 

Unfertilized 


430(1) 

225 (2) 

Undetermined 


190 (1) 

130(9) 

Average 

120 (15) 

350(4) 

170 (19) 

Cm 

10 per cent Ringer 

Spring water 

Average 

Fertilized 

mt'm 


1.7(8) 

Unfertilized 


BDh 

2.2(2) 

Undetermined 



2.3(9) 

Average 

HEH 


2.0(19) 


surprisingly constant membrane capacities of about 1 or 2 fit/ cm?. Into this 
general scheme the membrane capacity of the frog egg fits rather well. 

Effect of Alteration of External Medium . — ^Since frog eggs develop equally well 
in spring water and in a 10 per cent amphibian Ringer solution, it was possible 
to study the effect of the external medium upon the cell parameters by making 
observations on eggs in each type of medium and then comparing the results. 

It is of interest that the membrane capacity, Cm, which is, as we have seen, 
in general a rather inert characteristic of the cell, is not significantly different 
when the egg is in 10 per cent Ringer (2.1 juf/cm*.) from the value when the 
egg is in spring water (1.7 iii/cm?.) (Table I). On the other hand, the mem- 
brane resistance, f$, is definitely higher in the case of the spring water values 
(350 ohm cm*.) than in the 10 per cent Ringer values (120 ohm cm*.). That 
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the membrane resistance should change is not very surprising since this value 
probably represents an equilibrium with both the external and internal media. 
The internal specific resistance, ri, may also be dependent upon the external 
medium, being 600 ohm cm. when the eggs were in 10 per cent Ringer and 430 
ohm cm. when the eggs were in spring water. If this difference is significant 
it indicates an accumulation of ions in the cell interior from the more dilute 
medium. 

Effect of Fertilization. — Fertilization of the eggs had little effect upon the 
cell parameters investigated (Table I). Of the nineteen eggs studied, eight 
were successfully inseminated just before measurement, as was shown by their 
subsequent normal development. These are designated “fertilized’^ in Table I. 
Two eggs were unfertilized and are so designated. Nine eggs whose fertiliza- 
tion was uncertain are listed as “undetermined” in Table I. 

The data obtained for the “undetermined” group of eggs do not fall into two 
distinct classes. This means that either (1) these eggs were all fertilized eggs 
or all unfertilized eggs or (2) the group includes both fertilized and unfertilized 
eggs, and the membrane resistance, membrane capacity, and specific resistance 
of the egg interior do not change upon fertilization. While it is possible that 
the nine eggs were either all fertilized or all unfertilized, the second assumption 
is more probable. In any case, there is no marked difference in membrane 
resistance, membrane capacity, and specific resistance of the egg interior in 
those eggs definitely known to be fertilized or unfertilized. 

McClendon (1910) and later Gray (1916) demonstrated a decrease in the 
resistance of centrifuged echinoderm eggs on fertilization. On the other 
hand no marked change in membrane resistance was found after fertilization 
in Arbacia eggs (Cole and Spencer (1938)), or in Hipponoe eggs (Cole, 1935). 
Both the Arbacia and the Hippono^ membrane capacities increased on fertiliza- 
tion, unlike the frog egg. No such change in membrane capacity on fertiliza- 
tion occurs in Cumingia or in Chaetopterus eggs (Curtis and Cole, 1938). 

No Spontaneous Rhythmical Impedance Changes in Frog Egg. — ^Although 
Hubbard and Rothschild (1939) have reported small spontaneous rhythmical 
impedance changes in the unfertilized and fertilized trout egg after soaking for 
12 hours in running tap water, no similar phenomenon was observed in the 
frog egg. 

We wish to thank Prof. Lester Barth of the Department of Zoology, Colum- 
bia University, and his assistants, Drs. Edgar Zwilling and John Moore for 
the pituitary-injected frogs which were used in these experiments. 

SUMMARY 

Electrical impedance measurements were made upon unfertilized and 
fertilized eggs of the leopard frog, Rana pipiens^ over a frequency range of 
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0.05 to 10 kc. Average values of 170 ohm cm.^ were obtained for the plasma 
membrane resistance of the egg, 2.0 /if/cm.^ for the plasma membrane capacity, 
86® for the phase angle of the membrane, and 570 ohm cm. for the specific 
resistance of the interior. These values did not change upon fertilization. 
No spontaneous rhythmical impedance changes such as have been found by 
Hubbard and Rothschild in the trout egg were found in frog eggs. 
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I 

INTRODUCTION 

Since the discovery of the vitamin properties of pantothenic acid much in- 
terest has been aroused as to its biochemical function. Williams and co- 
workers found that it stimulated the deposition of carbohydrate by green 
plants without affecting their nitrogenous constituents.^ The glycogen 
storage of yeast was also found to be increased* by incubating it with panto- 
thenic acid. Yeast grown on a medium deficient in pantothenic acid possessed 
a low fermenting ability which was greatly increased by the addition of pan- 
tothenic acid.* Such yeast was found to have a much lower pantothenic acid 
content than normal yeast. The rate of fermentation of sucrose by dialyzed 
yeast maceration juice was also observed to be slightly accelerated by the 
addition of calcium pantothenate. These experiments indicated that panto- 
thenic acid was involved, probably as a coenzyme, in some stage^of carbo- 
hydrate metabolism. 

In the present study these experiments were repeated and extended. Since 
the tissues of chicks grown on a diet deficient in pantothenic acid are low in 
pantothenic acid,^ deficient brain and muscle served as basal tissues on which 
the effect of added pantothenic acid could be studied. Maceration juice 
preparations from yeast served as cell-free material on which similar studies 
could be made. All of the respiration experiments were carried out in a 
Warburg-Barcroft microrespirometer. 


n 

Ejffect on Maceration Juice 

Maceration juice was prepared from Fleischmann's baker’s yeast. This 

* The authors wish to express their appreciation to Drs. C. M. Lyman and E. E. 
Snell for their assistance and suggestions during the course of this work. 

1 McBumey, C. H., BoUen, W. B., and Williams, R. J., 1935, Proc. Nat. Acad. 
Sc., 21, 301. 

* Williams, R. J., Mosher, Wm. A., and Rohrmann, E., 1936, Biochem. /., London, 
30, 2036. 

« Pratt, E. F. and Williams, R. J., 1939, /. Gen. Physiol., 22, 637. 

* SneU, E. E., Pennington, D., and Williams, R. J., 1940, J. Biol. Chem., 138, 559. 
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juice was freed of its major portion of pantothenic acid in one of two ways: 
(1) by dialysis, (2) by precipitating the active enzymes with acetone and 
redissolving the precipitate in 1 per cent sodium chloride solution. Either of 
these procedures gives a preparation containing considerably less pantothenic 
acid than normal maceration juice as determined by the method of Pennington, 
Snell, and Williams.® However, it was observed that additional pantothenic 
acid could be liberated by enzymatic action. One such juice, on which the 
acetone precipitation and re-solution in NaCl solution was repeated twice, 
contained only 0.45 y per cc. of ‘‘free’’ pantothenic acid. Enzymatic action 
liberated from this juice an additional 5-6 y per cc. of “bound” pantothenic 
acid. The determination of bound pantothenic acid was carried out by in- 
cubating a portion of the juice with homogenized fresh muscle tissue and 
allowing the autolytic enzymes of the muscle tissue to act on the yeast juice. 
The difference between the pantothenic acid content of this mixture and of the 
fresh muscle tissue itself was taken as the sum of the “free” and “bound” 
pantothenic acid in the yeast juice. 

TABLE I 


Fermentation of Glucose by Dialyzed Maceration Juice 


Calcium pantothenate 

0 

0 

0 

o.It 

O.I 7 

O.I 7 

IO 7 

lOy 

CO2 per hr., mm.* 

368 

379 

37S 

356 

358 

374 

351 

379 


A number of experiments were performed to determine the effect of panto- 
thenic acid on the fermentation of glucose by the dialyzed and acetone-precipi- 
tated maceration juice. No effect due to pantothenic acid was observed. 
Table I shows a t)q>ical run with juice dialyzed 8J hours at 0-10® C. against 
0.9 per cent NaCl solution. A small amount of hexose diphosphate was used 
in each flask to convert the adenylic acid into adenosine triphosphate. No 
appreciable fermentation took place unless this was added. 

Each flask contained 1 cc. of 0.4 m glucose, 1 cc. of KH 2 PO 4 (8 gm. per 
liter), 10 y of adenylic acid, 10 y of coenzyme I, 0.1 cc. of salt solution 
(0.025 M MgSOi, 0.05 m MnS 04 , and 0.3 M (NH 4 ) 2 S 04 ), and 7 mg. of sodium 
hexose diphosphate. Total volume, 4 cc. 

Although it is generally accepted that no coenigone, other than cocarboxyl- 
ase, is required for the decarboxylation of psnruvic acid, several experiments 
were carried out to test the possibility of pantothenic acid’s having some 
effect on this stage of the fermentation reaction. Pantothenic acid showed 
no effect on the decarboxylation of pyruvic acid by acetone-precipitated 
maceration juice. 

The effect of pantothenic acid on the rate of phosphorylation of glucose by 

® Pennington, D., Snell, E. E., and Williams, R. J., 1940, /. Biol. Chem., 136| 213. 
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dialyzed maceration juice was determined. The calcium salt of pantothenic 
acid was used, and controls containing calcium chloride were included since 
calcium ion can to some extent replace magnesium in the phosphorylation 
enz 3 nne. Inorganic phosphate was determined according to the method of 
Briggs* with the Evelyn photoelectric colorimeter. The decrease in inorganic 
phosphate was assumed to be the amount esterified with glucose. 

The results of a typical experiment are given in Table II. The quantities 
shown are inorganic phosphate, and the difference between the initial reading 
and the test reading is the decrease in inorganic phosphate. It can be seen 
from the table that no effect of calcium pantothenate was observed which was 
not attributable to the calcium ion. 

The results of these experiments with maceration juice indicate that panto- 

TABLE II 


PhospJtorylation of Glucose by Dialyzed Maceration Juice 


Calcium panto- 
thenate added 

Initial 

10 min. 

30 min. 

60 min. 

180 min. 

0 

1.16 

1.12 

0.89 

0.56 

0.48 

iy 

1.16 

1.09 

0.92 

0.56 

0.47 

lOy 

1.16 

1.12 

— 

0.56 

0.48 

lOOy 

1.16 

1.10 

0.92 

0.57 

0.50 

ISy 






CaCla 

1.16 

1.10 

0.91 

0.57 

0.50 


Figures represent milligrams of phosphorus present as inorganic phosphate. 


thenic acid does not function as a dissociable coenzyme for the enzyme sys- 
tems involved in the fermentation of glucose. 

ni 

Effect on Live Yeast 

The large effect of pantothenic acid upon the fermentation of glucose by 
yeast deficient in pantothenic acid is apparently in contradiction to the fact 
that pantothenic acid showed no effect on the fermentation by maceration 
juice from which most of the pantothenic acid had been removed. This ap- 
parent contradiction suggested that pantothenic acid may act only in a com- 
bined form. If this is the case, one would expect the accelerating action of 
the pantothenic acid on the deficient yeast to be accompanied by a parallel 
binding of the pantothenic acid in the yeast. The following experiment was 
performed to determine if this binding takes place. 

* Briggs, A. P., 1924, /. BioL Chem., 59, 255. 
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Gebrttder-Mayer yeast was grown from a heavy seeding in a medium containing 
sucrose, asparagine, salts, thiamin, nicotinic acid, riboflavin, biotin, and inositol, but 
no pantothenic kcid. A twelvefold increase was obtained. These deficient cells 
were centrifuged off and washed with KH 2 PO 4 solution before being used. A pre- 
liminary experiment using 2 mg. quantities of this yeast showed that an appreciable 
increase in CO 2 evolution occurred on the addition of as little as O.I7 of pantothenic 
acid. 

For the determination of the pantothenic acid bound by the deficient yeast 50 
mg. quantities of yeast were used. These were incubated for 4 hours at 30®C. with 
5 cc. of KH2PO4 solution (4 mg. per liter), 5 cc. of 0.4 m glucose solution, and 1 cc. 
of the indicated amount of pantothenic acid. The cells were then centrifuged down, 
washed three times with 1 per cent NaCl solution, and finally suspended in 10 cc. of 
acetic acid-sodium acetate buffer solution (pH *=* 4.5). One half of each sample was 
steamed for 10 minutes, then autoclaved for 15 m^utes at 15 pounds pressure. The 
hot water extract was used for the determination of the free pantothenic acid in the 

TABLE III 


Pantothenic Acid Bound by Deficient Yeast 


Fantotiienic acid added 

] 

/ Free pantothenic acid in 50 mg, 

I of deficient yeast 

Pantothenic acid bound by 50 mg, 
of dehcient yeast 

0 

0.08y 

0* 

0.57 

0,06y 

0.307 

5 y 

0.287 

0.687 

SO y 

0.307 

0.747 


* Too small to determine. 


cells. The other half of each sample was incubated for 36 hours at 37®C. with a 
mixture of clarase and caroid. This enzyme treatment^ has been standardized in this 
laboratory for the liberation of pantothenic acid bound in tissues. This portion was 
used for the determination of the total pantothenic acid in the cells. The difference 
between these quantities was then taken as the amount of *'bound” pantothenic 
acid. 

The results of this experiment are given in Table III. It is evident 
from these data that the increase in the rate of fermentation by the 
deficient yeast is accompanied by a parallel ‘^binding” of the added 
pantothenic acid in the cell, probably to form an integral part of some enzyme. 
Since the medium used contained no nitrogen from which proteins might be 
synthesized, it seems likely that the protein was already preformed in the cell 
and needed only the addition of pantothenic acid to complete the enzyme S 3 rs- 
tem. This would explain the absence of acceleration of fermentation upon the 

^ Unpublished work, Cheldelin et al., Department of Chemistry, The University 
of Texas. 
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addition of pantothenic acid to the treated yeast juices. The Fleischmann’s 
yeast is grown in a medium relatively rich in pantothenic acid. In this 
instance any of the enz 3 rme protein formed would probably be combined with 
pantothenic acid and none of the pantothenic acid-free protein would be 
present in the yeast juice. If this were the case, then addition of extra panto- 
thenic acid would be expected to have no effect. 

Snell had prepared the sulfonic acid analogue of pantothenic acid, ^-(a, 7 - 
dihydroxy-i8,i8-dimethylbutyryl) taurine.® •• He has shown that this sub- 
stance acts antagonistically to pantothenic acid in the latter’s effect on the 
growth of yeast and other microorganisms. Several experiments were carried out 
to determine if it also acted antagonistically to the effect of pantothenic acid on 
the fermentation of deficient yeast. No inhibition was observed. On the 
contrary, when large amounts of the pantoyl taurine were added, fermenta- 
tion was accelerated. The addition of large quantities of the pantoic lactone 
also had an accelerating effect. It seems possible, therefore, that this unex- 
pected effect of the pantoyl taurine was at least partially due to the pantoyl 
radical. 


TABLE IV 

Pantothenic Acid Content of Chick Tissues 


Tissue 

Deficient 

Normal 

Brain 

23.2y 

3.2y 

46. 2y 

12. 1y 

Breast muscle 



IV 

Glycolysis by Chick Tissues Deficient in Pantothenic Acid 

Day old chicks were fed a diet consisting of 74.5 per cent yellow com meal, 18 per 
cent washed * Vitamin-free” casein, and 7.5 per cent salt mixture supplemented by 
vitamins as follows: liver extract treated with 10 per cent HCl in methanol equivalent 
to 20 per cent fresh liver in the diet, 0.2 mg. of thiamin per 100 gm. of diet, petroleum 
ether extract of 1 gm. of alfalfa leaf meal per 100 gm. of diet, and 2 per cent u.s.p. 
cod liver oil. This feed had a pantothenic acid content of not more than 0.4 mg. per 
100 gm. The experiments were carried out on the tissues when the chicks were 3 
to 4 months old. The pantothenic acid analyses on the tissues of the deficient chicks 
and of chicks fed a commercial diet are given in Table IV. As can be seen, the 
deficient tissues contained considerably lower content of pantothenic acid than the 
normal tissues. For all the work reported here the tissues were homogenized accord- 
ing to the method of Potter and Elvehjem.^® 

« SneU, E. E., 1941, /. Biol. Chem., 189, 975. 

» Snell, E. E., 1941, /. Biol Chem., 141, 121. 

w Potter, V. R., and Elvehjem, C. A., 1936, J. Biol Chem., 114, 495. 



782 


PANTOTHENIC ACID AND UTILIZATION OP GLUCOSE 


The effect of pantothenic acid on the oxygen absorption of homogenized 
breast muscle during the utilization of glucose was determined. A control 
containing no glucose gave considerably less oxygen absorption, showing that 
glucose was being metabolized. It can be seen from Table V that pantothenic 
acid had no effect. 

Each flask contained 325 mg. (moist weight) of homogenized muscle in 1.5 cc. of 
phosphate Ringer solution without sodium carbonate or calcium ion, 0.3 cc. of 2.5 


TABLE V 

Oxygen Consumption of Homogenized Breast Muscle 


Calcium 

pantothenate 



Oxygen per mg. of tissue (dry weight) 



5 min. 

10 min. 

20 mitt. 

30 min. 

45 min. 

105 min. 

120 min. 


IMM.I 

I»M.* 

mm,* 


mm* 

mm.* 

mm.* 

0* 

0.06 

0.11 

0.18 



mam 

0.81 

0 

0.11 

0.17 



Big 

BUI 

1.03 

0 

0.12 

0.18 

WSM 

0.36 

0.44 

0.88 


10 

0.10 

0.15 

0.22 

0.33 

0.44 

0.91 

0.99 

10 

0.15 

0.20 

0.25 

0.34 

0.43 

0.85 

0.94 


* Control, contained no glucose. 


TABLE VI 


Anaerobic Glycolysis of Homogenized Brain 



COs per mg. of tissue (dry weight) 

15 min. 

45 min. 

60 min. 

Next 15 
min. 

No pantothenic acid 

lOy calcium pantothenate 

l(XX)r sodium salt of pantoyl taurine 

mm.* 

0.67 

0.82 

0.75 

mm.* 

2.15 

2.13 

2.25 

mm.* 

2.56 

2.50' 

2.25 

mm.* 

0.45 

0.44 

0.58 


per cent glucose, 0.1 cc. containing the indicated amount of calcium pantothenate, 
and 0.15 cc. of 20 per cent KOH in the center cup. An atmosphere of air was used. 

The effect of pantoyl taurine as well as that of pantothenic acid itself upon 
the anaerobic glycolysis of pantothenic acid deficient homogenized chick brain 
was determined. The results shown in Table VI indicate that neither panto- 
thenic acid nor its sulfonic acid homologue has any effect. 

The gray matter of the brain from a deficient chick was homogenized in phosphate 
Ringer solution and 2.9 cc. containing 2(X) mg. (moist weight) were pipetted into each 
flask. To this was added 0.1 cc. of water containing the test substance. The flasks 
were then placed in the bath and aerated for 5 minutes with a mixture of 95 per cent 
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nitrogen and 5 per cent carbon dioxide. The mixture was passed over heated copper 
to remove all traces of oxygen. The sodium D(4-) salt of pantoyl taurine was used. 
Results are shown in Table VI. 

A number of other experiments using deficient chick tissues were performed, 
but in no case could any effect of pantothenic acid, either on the oxygen con- 
sumption or the anaerobic glycolysis, be demonstrated. It therefore seems 
unlikely that pantothenic acid serves as a dissociable coenzyme for the glyco- 
lytic system. 


SUMMARY 

1. Added pantolhenic acid was found to have no appreciable effect on the 
fermentation of glucose when used in conjunction with preparations of dialyzed 
yeast maceration juice or acetone-precipitated yeast maceration juice. 

2. Addition of pantothenic acid failed to affect the rate of phosphorylation 
of glucose or the rate of decarboxylation of pyruvic acid by yeast maceration 
juice. 

3. Pantothenic acid showed no effect on the rate of glycolysis by homo- 
genized deficient chick tissues. 

4. The accelerating effect of pantothenic acid on fermentation by deficient 
yeast cells was found to be accompanied by a ‘‘binding*' of pantothenic acid 
by the yeast cells. 




THE VALENCE OF CORPUSCULAR PROTEINS* 

By MANUEL H. GORIN and LAURENCE S. MOYER 

(From the Biological Laboratory, Cold Spring Harbor, and the Department of Botany, 
University of Minnesota, Minneapolis) 

(Received for publication, April 6, 1942) 

The quantity most directly related to the net charge or valence of corpuscular 
proteins is the electrophoretic mobility. In 1932 Abramson (1) ^owed that in 
solutions of the same ionic strength the electric mobility of the same protein at 
different hydrogen ion activities is directly proportional to the number of hy- 
drogen ions bound or released as determined by titration curves. His com- 
parisons were made with gelatin, serum albumin, egg albumin, and casein. The 
generality of Abramson’s rule has been confirmed by Daniel (2), Moyer and 
Abels (3), Moyer and Abramson (4), Longsworth (5), and also by Cannan, 
Palmer, and ELibrick (6). Longsworth’s data on egg albumin are especially 
interesting, for his comparison extends from pH 3 to 12. Inasmuch as the re- 
sults of Abramson and of Moyer seem to have been misunderstood, it should be 
emphasized that they deal with comparisons of data on dissolved proteins. If 
the protein in the adsorbed state happens to agree, it is incidental to the 
argument. 

Not only did Abramson show proportionality between the electric mobility 
and titration curves, but he also attempted to calculate the valence of proteins 
from the available electrophoretic and titration data. The agreement, how- 
ever, was incomplete. 

Although acid-base titration and membrane potential measurements on pro- 
tein solutions give results that are related to the electric mobility, the actual 
determination of the net charge from these measurements is subject to diffi- 
culties in interpretation and questionable assumptions. On the other hand, an 
exact interpretation of electric mobility data in terms of net charge requires in- 
dependent information concerning the size and shape of the protein molecule 
and the sizes of the other ions in the solution. Information regarding size and 
shape is not yet available for any protein. Extreme limits of variation of these 
quantities, however, may be obtained from sedimentation and diffusion data by 
the assumption, on the one hand, of spherical shape and enough hydration, or, 
on the other, of enough asymmetry, to account for the diffusion constant. 

The results presented in this communication indicate that when these factors 
are taken into account, values for the valence calculated from titration, electro- 

* This work was aided, in part, by a grant made to one of us (L. S. M.) by the 
Graduate School of the University of Minnesota. 
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phoresis, and membrane potential measurements agree closely. It will be 
shown that for the cases to be considered the uncertainty about size and shape 
causes a mairmiim spread of about 20 per cent in the valence determined from 
mobility data by using the two extreme models: a hydrated sphere and an un; 
hydrated, elongated rod. 


Theoretical 

In obtaining the valence of proteins from their electrophoretic mobility and 
size and shape, dependence is placed upon the Debye-Hiickel theory (7), modi- 
fied to include the effect of the ions in the ion atmosphere, and on Stokes' law, 
as applied to such systems by Henry (8). Under conditions ordinarily en- 
countered, both the extended Debye-Hiickel theory and the hydrodynamic as- 
sumptions of Stokes' law should apply quite accurately to systems of the cor- 
puscular proteins. Conditions under which considerable deviations from the 
simplified Debye-Hiickel differential equation should occur in protein solu- 
tions, due to the Gronwall-La Mer effect (9), have been investigated by Gorin 
(10). It was concluded as a result of this work that, in the case of proteins of 
the size of egg albumin or larger and for ionic strengths greater than 0.01, the 
Gronwall-La Mer correction is small unless the protein is highly charged 
(valence greater than 10). At ionic strengths greater than 0.1, the correction 
is negligible for all values of the net charge likely to be encountered in protein 
S 3 ^tems. For the systems to be presented here, the Gronwall-La Mer effect 
may be neglected.^ 

The theory to be outlined below applies equally well to protein systems made 
up of molecules that all have the same charge at any instant or to systems in 
which the charge of the molecules fluctuates rapidly with time. In the latter 
case, the net charge determined by electrophoresis is the charge taken over a 
time average. The one debatable assumption involved in the application of the 
Debye-Hiickel theory to protein systems is that the net charge over a time 
average behaves as if symmetrically distributed within the molecule or over its 
surface. However, from the point of view of physical realities there can be 
little doubt that this is an assumption that is generally justified. 

After the net charge of the protein is obtained, within the limits indicated 
above, it is then possible to compare these values with those obtained from the 
interpretation of titration data and of membrane potential measurements. As 
has been the experience of Abramson (1, 12), Moyer and Abels (3), Longsworth 
(5), and Cannan, Palmer, and Kibrick (6), reached on the basis of more ap- 
proximate solutions of the Debye-Hiickel differential equation, we too find that 

^ Recently, Tiselius and Svensson (11) have claimed that the simple Debye-Httckel 
theory can be successfully used over a wide range of ionic strengths to calculate the 
electrophoretic mobility from the net charge estimated by measurements of membrane 
potentials. See, however, Gorin (10) and Longsworth (5). 
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values of the net charge calculated from electrophoretic and titration data, at 
the same ionic strength, agree poorly. For this reason, we have concluded that 
the ordinary interpretation of titration data is open to serious question and 
should be reexamined. Steinhardt (13), working on an entirely different basis, 
has come to similar conclusions. 

In the ideal case, assuming that only protons are bound to protein, the va- 
lence, V, is equal to the number of protons bound (or released) per molecule of 
protein. When the valence is multiplied by the charge on an electron (e = 
4.80 X 10"^® E.S.U.), the net charge, 0, of the protein molecule, over a time 
average, is obtained. In other words, 

Q « pe « Aife, (1) 


where h is the number of equivalents of hydrogen bound per gram of protein of 
molecular weight, M. Equation (1) no longer applies when significant numbers 
of ions other than hydrogen are bound by the protein and, especially, when this 
binding is dependent on pH. 

The Charged Sphere . — ^According to the theories of Gouy and others (14), a 
charged particle in an ionic medium accumulates in its neighborhood a cloud of 
ions whose net charge, over a time average, is opposite in sign and equal in 
magnitude to that existing on the particle. The statistical mean distance of 
the ions from the surface is referred to as the ‘^thickness of the electric double 
layer” and will depend on the concentration of ions present. These ions are 
free to move. Close to the surface, however, there can be a film of tightly held 
water into which they can rarely pass. Over a time average, the statistical 
thickness of this film of water will determine the position of the surface of shear. 
Water molecules inside this boundary are carried with the particle to form a 
single kinetic diffusing unit. The surface of shear is the ‘^effective” surface of 
the particle as far as electrophoretic and diffusion effects are concerned. Elec- 
tric charges inside the surface of shear contribute to the charge on the particle, 
while those outside constitute the ion atmosphere of the particle. 

This non-uniform distribution of charges sets up a potential, extending out- 
ward to infinity from the surface of shear. At the surface of shear, xp assumes 
the special value, f . If a particle of radius, r, is subjected to an applied electric 
field, it will move with a mobility, v, that is directly proportional to the f-po- 
tential at its surface. By the theories of Helmholtz, Smoluchowski, and 
Henry (8), for a particle large enough to obey Stokes* Law, 


V 


6wn 


( 2 ) 


where rj is the viscosity of the medium, D is the dielectric constant, and k is the 
well known square root function of ionic strength of Debye and Hiickel (7). 
Values of the Henry factor, 6//(«f), are listed in Table I (for the correct ex- 
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panded form of fiftr), see Gorin (10)). Consequently, v can be calculated if 
i can be related to the net charge and to the thickness of the electric double 
layer, 1 /k. 

Debye and Htlckel, following Gouy, combined the Boltzmann and Poisson 
equations and, with certain simplifying assumptions, arrived at the expression, 

™ 0, (3) 

from which, on integration, they obtained for a sphere. 


'I't 


Q 

Dr(l + Ki) ‘ 


(4) 


The essential assumptions have been listed elsewhere (15). Here Q is the net 
charge of the particle, D, the dielectric constant of the medium, r, the radius of 


TABLE I 


The Henry Factor 



6//(.f) 

fff 

6//(«f) 

0 

6.00 

5 

5.17 

1 

5.84 

10 

4.84 

2 1 

5.63 1 

25 

4.38 

3 

5.45 

100 

4.11 

4 

5.30 

00 

4.00 


the central particle, and d, a radial distance called the “distance of closest ap- 
proach.” At this distance, ^ assumes a special value that we shall designate 
rather than f, its value at the surface of shear. The situation has been 
diagrammed in Fig. 1. It is I*, rather than that is needed here. Only when 
the mean radius of the counter ions in the double layer is zero will itt = I*.. 
At ionic strengths commonly used in protein electrophoresis, will deviate sig- 
nificantly from f . A correction to equation (4) to include the effect of the size 
of the ions in the ion atmosphere is therefore necessary. 

Values of the radii of the electrolyte ions are available from the equilibrium 
theory of ionic conductance (16). These values and the equations to be pre- 
sented below involve the assumption that the charge on the ion is concentrated 
at its center. This assumption should be valid for simple ions, such as halides 
and those of the alkali metals. For more complex ions, the assumption may be 
open to question. In general, electrophoretic results obtained with systems in 
which simple salts like NaCl make the major contribution to the ionic strength 
are most suitable for interpretation in terms of net charge on the protein. The 
systems used by Longsworth (5) are especially suitable for this use. 
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If these notions are introduced into the treatment of Debye and HUckel they 
lead to the result (15, 16), 


g(l + 

^ " Ml + «(f + n)] ’ 


(5) 



Fig. 1. Diagram of a portion of the surface of a hydrated, spherical protein of 
radius, r. An ion of radius, r,, is shown at the distance of closest approach. The 
upper curve represents the fall of potential, from the surface of shear as a function 
of radial distance, x, calculated by equation (5) on the assumption that r< » 0.1 r. 
Notice that at the surface of shear ^ — r but that at the distance of closest approach 
(ac - f + r^) ^ It is rather than that is directly related to the electric 

mobility. The lower curve, calculated by equation (4) on the assumption that n •• 
0, indicates that only in this case does ^ ^ at the surface of shear. 

where r< is the mean radius of the ions in the diffuse double layer and r is the 
radius of the central particle. If the particle is assumed to be hydrated, the 
effective thickness of its hydration layer (to the surface of shear) must be in- 
cluded in f . This expression departs most widely from equation (4) at high 
ionic strengths (/i). 
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On combining equations (2) and (5), we have, after dividing by the electronic 
charge, 


6ny[l + K(f + fj)] 

e /(*f)-(l + iir<) '■ 


( 6 ) 


This spherical model predicts the valence from observed values of the mobility 
under chosen ionic conditions. 

The Unhydrated Charged Cylinder. — Few, if any, proteins are spherical. 
Consequently, it seemed more realistic to develop the equations for an elongated 
(ylindrical model (17). In this case, the potential, depends only upon the 
radial distance, x, from the axis of the cylinder. Equation (3) then becomes 


^ 1 dtj/ 
dx^ X dx 


— 


0 , 


(7) 


a modified Bessel’s equation of zero order. When this is solved by the intro- 
duction of suitable boundary conditions and by assuming a uniform distribu- 
tion of surface charge, there is obtained 

y - /ON 

^ D(/ -h 2a) iTiM-M ’ ^ ^ 


where e is the length and a the radius of the cylinder. Ka and Ki are special 
"Bessel functions of zero and first order respectively (18). The term, 2a, in the 
denominator is in the nature of an end correction for small values of l/a. It 
was chosen to cause equation (8) to join smoothly with equation (11) as ju—K). 

When the effect of the finite size of the ions in the ion atmosphere is included, 
the complete equation for f becomes, 


2 Q r Ko(Ka + Kfi) / a + rA I 

D(l + 2a) L(ica 4- Kri)Ki{Ka + icr») ° \ / J 


(9) 


To relate f to v, the factor of proportionality, C, in the general electrophoretic 
equation. 


V 


EL 

Cfi ’ 


( 10 ) 


must be solved for all values of Ka. In the case of a suspension containing 
elongated protein molecules oriented at random by Brownian movement, we 
assume that over a time average, one-third lie parallel to each cartesian co- 
ordinate.* Random orientation is justified by the fact that orienting forces in- 
volved in electrophoresis are very small when compared with Brownian forces. 


* This method of averaging is essentially parallel to those used in solving similar 
physical problems (19, 20). 
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This method of averaging is simplified by taking one of the coordinates (x- 
axis) in the direction of the applied field, whereupon only two cases need be 
solved. These are: the cylinder migrating parallel to the field and the cylinder 
migrating perpendicular to the field. For each cylinder parallel to the field, two 
will be perpendicular. For the parallel case, Henry (8) finds C = for all 
values of kg. For the second case, C = ir • F(ica) . By an extension of the work 
of Henry, this function has been obtained by one of us (M. H. G.) by graphical 
integration (15).* The results are given in Table II. 

The function, F', for a randomly oriented cylinder, corresponding to F is 


This is also given in Table II. 


TABLE II 

The Constants of Proportionality for a Long Cylinder 


ica 

Orientation 

Perpendicular 

Random 

P 

P* 

0 

8.00 

6.67 

0.4 

7.73 

6.49 

1.0 

7.36 

6.26 

1.4 

6.87 

5.91 

2.0 

6.51 

5.67 

2.4 

6.34 

5.56 

3.0 

6.10 

5.40 

00 

4.00 

4.00 


It is somewhat more convenient to define the cylinder in terms of its as 3 an- 
metry and volume rather than with respect to its length and radius. We define 
asymmetry as 5 = //2a, so that 


a = v/2ir5', 


where v is the molecular volume. 

The electric mobilities of cylinders of varying asymmetries are compared in 
Table HI with the electric mobilities of a sphere of the same molecular volume 
and net charge. At /x = 0, the values of the ratios of the mobilities are exactly 
equal to the corresponding ratios of the diffusion constants, d/dq, of the cylinder 

* The function was inadvertently attributed in this paper to a parallel cylinder 
rather than to a perpendicular one. 
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and sphere respectively. Since the electrophoretic mobilities for cylinders can- 
not properly be extrapolated to /c = 0, the values in the table at /x = 0 
culated for prolate ellipsoids from Perrin^s equation (21), 

- y=J= ( 11 ) 

/Do VI - -S’ 

where S is the ratio of the long to the short axis and///o is the force factor of the 
molecule. Notice in the table that the values of the ratios computed by the 
two methods join smoothly. The values are nearly unaffected by changes in 
molecular weight between 30,000-150,000. As)anmetry, however, exerts a 
noticeable effect on the retardation due to the ion atmosphere. It should be 
emphasized that these calculations are for randomly oriented cylinders of con- 
stant net charge but not of constant charge density. 

TABLE III 

Electrophoretic Mobilities of Grinders 


Ratio of mobility to that of a sphere of the same molecular volume 


1/24 

;.-0 

M - 0.005 

li - 0.02 


m-0.2 

2.5 

0.920 

0.856 

0.774 

iM 

0.715 

5.0 

0.800 


0.653 


0.604 

10.0 

0.648 

0.545 

0.503 

0.490 


22.5 

0.477 

0.379 

0.361 

0.362 

■Ih 

45.0 

0.350 

0.263 

0.254 

0.256 

■■ 


Methods 

Serum albumin B was crystallized from horse serum by the methods of Kekwick 
(22). The dialyzed product was titrated in a nitrogen atmosphere by the use of a 
micro burette and a glass electrode. The standards of pH employed were those 
recommended by Macinnes, Belcher, and Shedlovsky (23). To eliminate the effect of 
protein concentration as much as possible, the measurements were performed at 
about 0.25 per cent protein. In those titrations that were performed at constant 
ionic strength, the proper amount of Na(^l was added in advance to the HCl and 
NaOH used in titrating as well as to the protein solution. The mean ionic activity 
coefficient was taken as that prevailing in the absence of protein at the ionic strength 
under consideration. Suitable methods for the calculation of the equivalents of 
hydrogen bound or released have been discussed by Kekwick and Cannan (24) and 
by Moyer and Abels (3). 

RESULTS 

Egg Albumin . — ^Longsworth (5) has found that the diffusion constant, d, of 
egg albumin is 3.99 X 10“^cm.%ec."‘ at 0®C. If the molecule b assumed tohesL 
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hydiated sphere, its effective radius can be calculated from the Stokes-Einstein 
equation, 

. "^-27.8A. 

Om/D 

Longsworth has also presented moving boundary data for dissolved egg al- 
bumin at 0®C. and /i = 0.1. Under these conditions, kt = 2.87. From Table 
I, 6//(icf) is found to be 5.47. On taking the average radius of the electrolyte 
ions, fiy as 2.5 A., #cf» becomes 0.258. If these values are substituted in equa- 
tion (6), we obtain the valence, v, in terms of v (in /i/sec./volt/cm.), 

y - 17.5 ». (12) 

If, however, the other extreme, an unhydrated cylinder, is assumed, the 
asymmetry is determined (25) from the diffusion constant of the protein by the 
use of equation (11). If the molecular weight of egg albumin is 45,000 (26), its 
unhydrated molecular volume corresponds to that of a sphere of 23.6 A. The 
force factor, ///o, is thus 27.8/23.6 = 1.18 and the asymmetry is 4/1 for this 
rod-like model. We first calculate the valence of the unhydrated sphere for 
Kf = 2.44 and 6//(icf) = 5.55. This gives v = 13.65 v. Reference to Table 
III shows that a cylinder of this degree of asymmetry should have a mobility 
equal to 65 per cent of that of a sphere of the same molecular volume. Hence 

y - V - 21.0V. (13) 

U,05 

Comparison of equations (12) and (13) shows that a difference of about 20 
per cent should be found between a sphere and a cylinder of the same diffusion 
constant under these conditions. Accurate determinations of the valence from 
titration data would make possible a decision between the effects of water of 
hydration and asymmetry. 

In Fig. 2 are shown the results discussed above, together with curves for the 
valence calculated by equation (1) from the recent titration data of Cannan, 
Kibrick, and Palmer (27) at infinite dilution of egg albumin. The titration 
data have been shifted vertically so that the curves coincide with the mobility 
curve at the isoelectric point. The low temperature coefficient of the dissocia- 
tion of carboxyl groups makes possible a comparison of these curves without 
temperature correction in the range of pH shown in the figure (5, 27). Al- 
though quantitative agreement exists between the mobility data and the 
titration curve in the absence of added salt, it is evident that the values of the 
net charge calculated from the titration data at the ionic strength of the electro- 
phoretic measurements are several hundred per cent higher. 

Tiselius and Svensson (11) have determmed the electrophoretic mobility of 
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egg albiunin in phosphate buffers at 0‘’C. and ;i = 0.1. Under these conditions, 
the protein is highly negative and u can still be taken as 2.5 A., in spite of the 
presence of phosphate ions of relatively larger radii. Applying equations (12) 
and (13) we obtain v = —11.9 and v — —14.1 for sphere and cylinder re- 
spectively. 

Adair and Adair (28) obtained v = — 13.8 for the valence of egg albumin at 
0°C. in phosphate buffers at pH 7.1 by means of membrane potential measure- 



Fig. 2. The valence of egg albumin from titrationdata of Cannan, Kibrick, and 
Palmer and electrophoretic results of Longsworth. The curves have been shifted to 
the isoelectric point at pH 4.60. 

ments. Thus the membrane potential measurements of Adair and Adair and 
the extrapolated titration curve lead to similar results, namely that the agree- 
ment is somewhat better for the cylindrical than for the spherical model. By 
inference, it may be concluded that our method to obtain the net charge from 
extrapolated titration curves and the membrane potential method should lead 
to very nearly the same results for the same system. No data are available, as 
yet, to permit a direct comparison of the two methods with the same system. 
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The titration method is unreliable for points far removed from the isoelectric 
point. In addition, the isoelectric point of egg albumin is not accurately known 
in phosphate buffers. 

Calculations from the earlier results of Tiselius (29) for egg albumin in acetate 



Fig. 3. The valence of egg albumin from titration data of Cannan, Kibrick, and 
Palmer and electrophoretic results of Tiselius. The isoelectric point lies at pH 4.55 
at this ionic strength (0.02). Results for cylinder and sphere have been averaged, 
as discussed in the text. 

buffers at M = 0.02 and 20“C. are shown in Fig. 3. Under these conditions, we 
obtain v = 6.9 v and v = 8.0 o for sphere and cylinder, respectively. Since the 
electrophoretic measurements probably have an error of the order of 10 percent, 
no attempt was made to distinguish between the two models in this case. The 
plotted points are the average values of the charge calculated for a sphere and 
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cylinder, namely, v — 7.45 v. The smooth curve is the valence calculated from 
the titration curve (27) at infinite dilution, shifted vertically to v = 0 at pH 
4.545. Notice the excellent agreement between valence from electrophoresis 
and valence from titration. 

\ 



Fig. 4. The valence of serum albumin B from titration data (this paper) and elec- 
trophoretic results of Kekwick. The curves have been shifted to the isoelectric point 
at pH 4.81 (m - 0.02). 

Serum Albumin . — ^In Fig. 4 are shown values for the valence of serum albumin 
B calculated from the electric mobility data of Kekwick (22) at 20*C. and 
U = 0.02. He finds 70,000 for its molecular weight and 6.10 X 10~^cm.* sec.~* 
for its diffusion constant at 20‘’C. These data lead to an asymmetry of 5/1, if 
an unhydrated rod is assumed. The titration curves are our own results. 
Here, v/v = 9.65 for a sphere or 10.31 for a rod. 
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Fig. 5 shows a similar comparison for this protein at /t = 0.1. In this in- 
stance, the mobility data of Moyer and Moyer (30), for films of serum albumin 
B'adsorbed on microscopic particles, were used. Inasmuch as the electric mo- 
bility data at an ionic strength of 0.02 for this protein adsorbed on quartz or 



Fig. 5. The valence of serum albumin B from titration data (this paper) and elec- 
trophoretic results of Moyer and Moyer. The curves have been shifted to the 
isoelectric point at pH 4.76 (m - 0.1). 

collodion particles have been shown (30, 31) to be in agreement with moving 
boundary measurements on dissolved serum albumin B, it is highly probable 
that the data in Fig. 5 correspond to the behavior of the dissolved protein at 
H s 0.1. The titration curves in Figs. 4 and 5 follow a course with respect to 
the mobility data similar to that found for egg albumin. In this case, v — 
12.75 V for a sphere or 13.94 v for a rod. 
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fi-Lactoglobulin . — Similar calculations have been made for /3-lactoglobulin, by 
using the electric mobility data of Pedersen (32) at 20°C and n — 0.02 and the 
titration data of Cannan, Palmer, and Kibrick (6). Oncley (33) suggests 
40,000 as the most probable value for the molecular weight. This figure, com- 
bined with the diffusion constant, 7.27 X 10~^cm.*sec.~S found by Poison (34) 
at 20®C., yields a force factor of 1.26, which corresponds to an asymmetry of 


pH 


12 9 4 5 

% PROTEIN 

Fig. 6. Extrapolation of the titration data of Cannan, Palmer, and Kibrick on 
/3-lactoglobulin in the absence of salt to infinite dilution of protein. 

5.2, if an unhydrated cylinder is assumed. This yields v = S.llv. U, however, 
a hydrated sphere is chosen as the model, v = 7.35 v. 

Cannan, Palmer, and Kibrick present two sets of titration data for this 
protein: (1) in the presence of various concentrations of salt at a protein con- 
centration of 0.5 per cent and (2) at Ararious concentrations of protein in the 
absence of added salt. A curve representing the titration curve at infinite dilu- 
tion of electrolytes and protein has been obtained by extrapolation of this latter 
set of results (Fig. 6) . At values of pH below 4, the extrapolation becomes less 
certain; in addition, the steadily increasing concentration of Cl~ begins to con- 
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tribute to the ionic strength. Hence we have decided to limit our considera- 
tions to regions above this value. 

Fig. 7 shows our results for this protein. As before, the agreement with the 
electrophoretic results is good only for the extrapolated titration curve in the 
absence of salt. Likewise, the correspondence is somewhat better for the 
(ylindrical than for the spherical model. 



Fig. 7. The valence of /3-lactoglobulin from titration data of Cannan, Palmer, and 
Ribrick and electrophoretic results of Pedersen. Inasmuch as both isoionic and 
isoelectric points are at pH 5.19, no adjustment of the curves was necessary. 

DISCUSSION 

The chief difficulty encountered in determining the valence of proteins from 
titration curves involves the interpretation of titration data. It is unlikely, es- 
pecially at higher values of ionic strength, that the titration curve represents 
binding or release of hydrogen ions alone. As a first approximation, the pro- 
cedure of shifting the titration curve vertically to account for the binding of ions 
other than hydrogen and hydroxyl appears to be justified for pH values not far 
removed from the isoelectric point. With a change in ionic strength, the in- 
fluence of other ions, such as Na+ or Cl“, upon the net charge of the protein re- 
sults mainly in a vertical shift of the net charge curve without much change in 
its slope; i.e., a shift in isoelectric point (3, 4, 12, 15, 35). Results suggest that 
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over the pH range investigated the binding of ions other than hydrogen to pro- 
tein is relatively independent of pH. Two types of interactions of these ions 
with protein would be expected to be nearly independent of pH. One is ad- 
sorption of ions like Na+ or Cl“ by non-polar parts of the molecule. The other 
is ion pair formation between the electrolyte ions and the charged groups of the 
protein molecule (36). Ion pair formation should be independent of pH only 
in the neighborhood of the isoelectric point, where the net charge of the protein 
is small compared to the total charge. We have therefore restricted our con- 
siderations to this region. 

Steinhardt (13), moreover, has obtained results which indicate that undis- 
ociated acid, such as HCl, is bound to protein along with hydrogen ion. This 
is equivalent to saying that ion pairs of H+-C1“ tend to be taken up by the 
protein molecule. Under conditions where this effect is appreciable, the titra- 
tion curve would yield too high a value for the valence, since the binding of 
molecular HCl would remove hydrogen ions from solution and contribute to the 
experimental titration curve but should not affect the net charge. Hence it 
would not affect the electrophoretic mobility. 

Let us consider the binding of hydrogen ions involving only the acidic and 
basic groups of the protein molecule. In this case, if we make the assumption 
that this binding is essentially independent of ionic strength, it is possible to 
obtain what may be considered the intrinsic net charge curve (the titration 
curve concerned with the binding of hydrogen ions alone), by extrapolating 
the experimental titration curve to zero ionic strength and zero protein con- 
centration. By hypothesis, this curve would apply at all values of ionic 
strength. To correct for the binding of other ions, such as Cl”, the titration 
curves were shifted vertically, so that the zero point for acid or base bound 
corresponded with the isoelectric point determined by electrophoresis. 

As Abramson (12) has suggested, it seems likely that, as results on additional 
proteins become available, individuals similar to gelatin, whose isoelectric 
point is hardly shifted by ionic strength, will be encountered. It is possible 
that j8-Iactoglobulin is one of these cases, for its isoionic point is unaffected 
by salt (Fig. 7) and is identical with its isoelectric point, at least at /i = 0.02. 
A comparison of the valence curves is possible, therefore, under conditions that 
are free from any question as to the validity of the vertical adjustment. 

The experimental titration curves, however, deviate very markedly from the 
ideal one at higher values of ionic strength and protein concentration. Cannan, 
Kibrick, and Palmer (6, 27) have attributed these deviations to the effect of 
salt on the dissociation constants of the amino and carboxyl groups, combined 
with an activity effect on the composite protein ion. On the other hand, we 
prefer, as a first approximation, to attribute these effects to the binding of 
undissociated acid to the proteins. The magnitude of this binding would de- 
pend on the activity product of anions and hydrogen ions in the solution and 
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would therefore be a function of pH, salt concentration, and protein concen- 
tration. In basic solutions binding of pairs, such as and OH'~', to protein 
may also occur. 

It will be recalled that values of the net charge of protein molecules obtained 
from electrophoretic data by the use of the two extreme models, the elongated 
rod and the hydrated sphere, agree within IS to 20 per cent. Furthermore, in 
each case they agree very well with the intrinsic net charge curve for values of 
the valence obtained from titration data by means of our assumptions. On 
the other hand, the dashed lines, which represent the net charge calculated on 
the assumption that no molecular HCl is bound to protein, deviate widely from 
the other results. 

The agreement between the rod-like model and the titration data is some- 
what better than that for the sphere but it should not be concluded that these 
proteins are unhydrated rods instead of hydrated spheres. It is probable that 
the proper model lies somewhere between these extremes; i.e., a less extended 
rod with some hydration. 


SUMMARY 

By the use of two extreme models: a hydrated sphere and an unhydrated rod 
the valence (net charge) of corpuscular proteins can be successfully calculated 
from electric mobility data by the Debye-Hiickel theory (modified to include 
the effect of the ions in the ion atmosphere) in conjunction with the electro- 
phoretic theory of Henry. As pointed out by Abramson, this permits a com- 
parison with values for the valence from titration data. 

Electrometric titration measurements of serum albumin B (Kekwick) have 
been determined at several ionic strengths. These results, together with the 
available data in the literature for serum albumin B, egg albumin, and /3-lacto- 
globulin have been used to compare values for the valence calculated from 
measurements of titration, electrophoresis, and membrane potentials. The 
results indicate that the usual interpretation of titration curves is open to 
serious question. By extrapolation of the titration data to zero ionic strength 
and protein concentration, there results an “intrinsic*^ net charge curve de- 
scribing the binding of H+ (OH”) ion alone. This curve agrees closely, in each 
case, with values of the valence calculated from mobility data (which in turn 
are in close accord with those estimated from membrane potential measure- 
ments). The experimental titration curves in the presence of appreciable 
quantities of ions and protein deviate widely from the ideal curve. It is sug- 
gested that, under these conditions, binding of undissociated acid (base) leads 
to erroneous values for the net charge. This binding would not affect the 
electrophoretic mobility. 

Values of the net charge obtained by the two extreme models from electro- 
phoretic data are in agreement within 15 to 20 per cent. The agreement be- 
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tween the cylindrical model and the titration data is somewhat better in each 
case than with the sphere; t.e., this comparison enables a choice to be made 
between asymmetry and hydration in the interpretation of results from sedi- 
mentation and diffusion measurements on proteins. It is concluded that the 
proteins discussed here are somewhat as3mimetric and also hydrated. 
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THE ACTION OF SULFONAMIDES ON THE RESPIRATION OF BAC- 
TERIA AND YEAST 

Inhibition of Bacterial and Yeast Carboxylases by Sulfonamide 
Drugs Structurally Related to Cocarboxylase* 

By M. G. SEVAG, M. SHELBURNE, and STUART MUDD 

{From the Department of Bacteriology j The School of Medicine, University of 
Pennsylvania, Philadelphia) 

(Received for publication, March 28, 1942) 

In the previous three communications on the mechanism of action of sulf- 
anilamide, Sevag and Shelburne (1) reported that this drug primarily blocked 
bacterial cell respiration in the absence as well as in the presence of active 
growth. The inhibition of aerobic and anaerobic respiration resulted in the 
proportional inhibition of growth under the conditions used. ^-Aminobenzoic 
acid often reversed partly or completely the inhibition of respiration by 
sulfanilamide. 

On the basis of the above findings and those of others reviewed previously (1), 
a theory correlating the drug action with the similarity of chemical structures 
of the drugs and the coenzymes was formulated. It was stated that 
the chemotherapeutic substances which have structural similarity to the whole, 
or part of the coenzyme molecules may combine specifically with the protein 
carrier of the respiratory enzymes — the result being the displacement of the 
coenzymes by the drug and the formation of an inactive “enzyme-analogue” 
or the formation of a hypothetical “drug-protein-coenzyme” complex. 
These being incapable of oxidizing glucose, bacterial respiration and growth are 
inhibited. In advancing this theory reservations were made to account for 
the activity of such drugs as do not possess structural similarity with the known 
coenzymes. In such cases mutual afiinity between the drug and the specific 
enzyme proteins was considered as a possible determining factor. 

In accordance with the above theory sulfapyridine, for example, with its 
pyridine ring was mentioned as a potential competitor of coz3anase I and II, 
and sulfathiazole (likewise sulfadiazine) of cocarboxylase. These coenzymes 
are present in the respiratory systems of most living cells. They, therefore, 
offer the first point of attack in determining which link in the chain of reactions 
associated with the metabolism of glucose is affected most by a given sulfon- 
amide drug. 

* Article IV in a series on the mechanism of sulfonamide action. The present study 
was conducted under grants from the Josiah Macy, Jr., Fotindation and Merck and 
Company. 
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Bacterial and yeast carboxylase systems were chosen for this study as one of 
the means to test and corroborate the implications of the above theory. The 
decarboxylation of pyruvic acid by carboxylase is of almost universal occurrence 
in living cells. This reaction, carried out under anaerobic conditions, is prin- 
cipally a one-step reaction, and is relatively free from the interference of side or 
parallel reactions. The effect of the drugs will be, therefore, directly on the 
carboxylase system. To obtain clearer insight into the relative importance of 
various rings and radicals in the molecules of the drugs in inhibiting the car- 
boxylase system, the widely used sulfonamide drugs, their homologues, and 
their simple components were studied comparatively. 

The Enzyme Systems Studied 

Determination op the Carboxylase Activity op Bacteria and Yeasts.— 
Pneumococcus Type 1, Streptococcus pyogenes (C203M), Staphylococcus aureus ^ 
Escherichia coli^ and brewer’s and baker’s yeast were studied to determine the optimal 
conditions of their carboxylase activity. The experiments were carried out anaero- 
bically in an atmosphere of 95 per cent nitrogen and 5 per cent CO2 in the presence 
of sodium pyruvate solution. The CO2 evolved was measured manometrically with 
a Barcroft- Warburg set-up. All of the gas evolved was absorbable if KOH was 
placed in the inset tube of the vessel, showing the evolved gas to be CO2. 

Pneumococcus Type 1, — Suspensions of Pneumococcus Type 1, washed and un- 
washed, grown for 4 and 16 hours in serum broth, in the presence and absence of 
catalase (to eliminate H2O2 formed during growth), were tried out in three separate 
experiments at pH 6. In no case did decarboxylation of pyruvate take place. In 
parallel experiments the addition of 1, 5, 10, and IOO7 of cocarboxylase and of 0.1 mg. 
of Mg did not produce any activity. Decarboxylation of pyruvic acid by pneumo- 
cocci (2) evidentally takes place by a different route and will be discussed later. 

Streptococcus pyogenes. — ^In contrast, similar experiments with Streptococcus 
pyogenes (C203M) grown for 16 hours in serum broth showed a residual carboxylase 
activity. This activity was markedly augumented by the addition of cocarboxylase; 
33 c.mm. of CO2 were evolved in the absence of cocarboxylase while 124 c.mm. of 
CO2 were evolved when IOO7 of cocarboxylase were added. In a second experiment 
a dense suspension of streptococci grown for 16 hours did not show any activity in the 
presence of 0.0517 m pyruvate, but the addition of 257 of cocarboxylase caused the 
evolution of 72 c.mm. of CO2 within 150 minutes. An increase of 50 to IOO7 of 
cocarboxylase did not improve this activity. The activity being too small, this 
organism was not further employed in the present study. 

Staphylococcus aureus. — Fresh suspensions of Staph, aureus grown for 4 to 16 hours 
exercised uniform carboxylase activity, 4 mg. of cocci producing 400 c.mm. of CO2 
in 120 minutes. The dry weight of bacteria was estimated by micro-Kjeldahl nitrogen 
determination. The nitrogen values were multiplied by 7.2 as the protein factor, 
assuming that the organism contains 14 per cent nitrogen. 

Carboxylase Activity before and after Drying Staphylococcus aureus from the Frozen 
State. — To have uniform carboxylase activity, it is necessary that the weight of the 
samples used in the daily experiments be identical. Samples of Staph, aureus dried 
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from the frozen state proved satisfactory. These organisms were twice washed with 
M/IS phosphate buffer of pH 7.16 before drying. The results of a comparative 



Fig. 1. Decarboxylation of pyruvic acid in Staph, aureus. Curves I, II, and III 
represent the activity of 14.4, 7.2, and 3.6 mg., respectively, of fresh Staph, aureus. 
Curves lA, IIA, and IIIA represent the activity of 14.4, 7.2, and 3.6 mg., respectively, 
of staphylococci dried from the frozen state. 

study of the fresh and the corresponding dried samples of equal weights (Fig. 1) 
show that on drying from the frozen state staphylococci experience practically no 
loss of carboxylase activity. The addition of 1 to IO 7 of cocarboxylase to the reac- 
tion system did not increase the activity of staphylococci. 

Optimal Carboxylase Activity of Dried Staphylococci. — ^Experiments were carried 
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out to detennine the optimal activity as a function of pH and as a function of con- 
centration of substrate. The results are given in Table I. 

Removal and Restoration of Carboxylase Activity of Staphylococcus aureus. — ^To test 
whether the CO 2 evolved was due to carboxylase the following experiments were 
carried out. Fresh suspensions or suspensions of staphylococci dried from the 
frozen state were treated according to the method of Lohmann and Schuster (3) to 
remove cocarboi^lase. Pure cocarboxylase (Merck) was then added and the de- 


TABLE I 

Carboxylase Activity of Dried Staphylococcus aureus As a Function of pH and of Substrate 

Concentration 


pH* 

COs/2 hn. 

Pyruvate 

COf/2 hn.t 


c.mm. 


c.mm. 

7.28 

284 

0.017 m 

231 

7.10 

279 

0.034 M 

332 

6.54 

380 

0.052 m 

399 

6.13 

416 

0.068 M 

492 



O.IO M 

430 


•The system contained 0.3 cc. (26.4 mg.) pyruvate in a volume of 5.8 cc. (0.0517 m). 
Weight of organisms per vessel 0.55 mg. of nitrogen, or 3.96 mg. of dry cocci. Phosphate 
m/125. Temperature 37.5® C. 


t The experiments were carried out at pH 7.16 in consideration of the inhibition experi- 
ments with drugs which have greater solubility at this pH than at the pH of optimal activity. 
The reaction system was identical with that used in pH experiments except for varying quanti- 
ties of pyruvate, 

TABLE II 


Carboxylase Activity of Staphylococcus aureus before and after Treatment 


Untreated 

Treated with 

M/10 NatHP04 

Washed once with saline 

Loss of activity 

c.mm. COt 

c.mm. COt 

c.mm, COt 

percent * 

508 

245 

— 

52 

721 

466 

— 

36 

552 

— 

297 

46 


carboxylation of pyruvate was measured. Treating the fresh suspensions of 4 hour 
staphylococci with m/10 NaaHP 04 , according to Lohmann and Schuster, did not 
noticeably affect the carboxylase acti\dty. A sample which liberated 862 c.mm. of 
CO 2 before treatment liberated 798 c.mm. of CO 2 after treatment, (7 per cent reduc- 
tion of activity). With the addition of IO 7 of cocarboxylase to the treated sample, 
843 c.mm. of CO 2 were evolved. 

On the other hand, if the staphylococci are dried from the frozen state and then 
washed with either m/10 Na 2 HP 04 or 0.85 per cent NaCl the activity is reduced about 
50 per cent (Table II) . The lost activity is nearly completely restored by the addition 
of cocarboxylase. The activity of m/10 Na 2 HP 04 treated samples was restored to 
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76-85 per cent of the original on adding lOOy of cocarboxylase. The activity of the 
saline washed sample was restored to 92 per cent of the original with 50 7 of cocar- 
boxylase.^ 



Fig. 2. Decarboxylation of pyruvic acid in £. coli. Curves I, II, and III represent 
the activity of 4.32, 1.73, and 0.86 mg., respectively, of fresh JE. colt. Curve lA repre- 
sents the activity of 4.32 mg. of E. coli dried from the frozen state. 


^ The aerobic metabolism of pyruvic acid in Staph, aureus has previously been in- 
vestigated ( 4 , 5). In connection with the present study the reader is referred to a 
paper by Krebs ( 6 ) on the anaerobic dismutation of pyruvic acid in Staph, aureus and 
Staph, albus. According to Krebs, following the decarboxylation of one mole of 
pyruvate the resulting acetaldehyde with a second mole of pyruvate metabolizes to 
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Carboxylase Activity of Escherichia coli. — ^In contrast to Staph, aureus^ the suspen- 
sions oiE. coli grown in glucose broth for 16 hours, twice washed with saline, and dried 
from the frozen state, were found completely inactive. When washed with m/15 phos- 
phate buffer at pH 6, and then dried from the frozen state, a sample of 2.2 mg. of 
E. coli liberated 234 c.mm. of CO 2 in the presence of 0.0517 m pyruvate, but in later 
experiments the dried organisms had practically lost their activity. In all the daily 
inhibition experiments, therefore, fresh suspensions of E. coli, twice washed with m/15 
phosphate buffer of pH 7.1 and standardized with a photoelectric turbidometer, were 
used. In an experiment the carboxylase activity of the fresh and dried suspensions 
of equal E. coli content was measured comparatively. The results are given in Fig. 2. 

YecLst and Carboxylase prepared from Yeast. — ^The carboxylase activities of air-dried 
20 mg. samples of three different yeasts were measured at pH 6.23. The CO 2 evolved 
during a period of 90 minutes was as follows: brewer’s fresh bottom yeast, 752 c.mm.; 
baker’s yeast, 575 c.mm.; ale yeast, 531 c.mm. 

Using the method of Green, Herbert, and Subrahmanyan (7) the carboxylase pre- 
pared from an old batch of air-dried brewer’s yeast had little activity; a preparation 
from ale yeast was inactive. A preparation from fresh air-dried brewer’s yeast had a 
fair activity. This solution after dialysis contained 0.256 mg. of N/cc. No attempt 
was made to purify this preparation by fractionation for inhibition experiments. 
0.6 cc. of preparation containing 0.15 mg. of N evolved 90 c.mm. of CO 2 at pH 6 
within 3 minutes. At pH 7.16, 0.2 cc. of a sample (20 cc. sample dialyzed overnight 
against 1 liter of distilled water) liberated 161 c.mm. of CO 2 within 60 minutes in com- 
parison to a non-dialyzed sample which liberated 190 c.mm. of CO 2 . Under identical 
conditions 5 mg. of air-dried fresh brewer’s yeast liberated 234 c.mm. of CO 2 . 

Inhibition of Carboxylase by Sulfonamide Drugs and Their Derivatives 

The inhibitory effect of sulfonamide drugs and derivatives on the carboxylase 
activity of Staph, aureus, E. coli, baker’s and brewer’s yeast, and a carboxylase 

lactate and acetate, and this reaction is the preferential one. Studying this reaction 
aerobically he found that 0.1 m of pyruvate consumed 328 c.mm. O 2 , and anaerobically 
evolved 249 c.mm. CO 2 within a 95 minute period. In our experiments 0.1 m of 
pyruvate consumed 52 c.mm. O 2 and evolved 651 c.mm. total CO 2 (free and bound as 
NaHCOs), within a 120 minute period. Anaerobically 0.1 m pyruvate evolved 430 
c.mm. CO 2 . In parallel experiments, the oxygen consumed by 0.1 m pyruvate was 
52 c.mm. in contrast to 286 c.nun. O 2 consumed by 0.05 m lactate. These results show 
that the dismutation of pyruvate to lactate progresses at a very much slower rate than 
the decarboxylation of pyruvate. Within a 2 hour period, under the conditions of our 
experiments, not more than 10-20 per cent lactate could have been formed. This 
small percentage of dismutation of pyruvic acid to lactic acid does not introduce an 
error into the interpretation of the results of the present study from the point of view 
of the action of sulfonamides on the activity of carboxylase. 

The discrepancy between our results and those of Krebs is of quantitative nature 
and not one of principle. This is no doubt due to the difference of strains of Staph, 
aureus used, conditions of culture, and of experiments. Such differences in bacterial 
metabolic activity have been reported frequently (2, 5). 



TABLE m 


Fer Cent Inhibition of the Carboxylase Activity of Bacteria and Yeast by StUfonamide Drugs 


Carboxylase qrttems 

No drug 
c.mm. 
COt 
evolved 

Sulfanilamide 

. 

Sulfadiazine 

Sulfametbyl- 

diazine 

i 

1 

Sulfathiazole 

Sulfamethyl- 

thiazole 

If 

1 v-s 

«o*o li 

A 

2-aminothiaaole 

8 

O 

0.0055m 

0.028m 

0.0014m 

1 

? 

o 

s 

1 

i 

§ 

d 

d 

0.0014M 

0.0055m 

0.0014M 

1 

8. 

d 

d 

s 

8 

O 

0.0055m 


407* 

8 

9 


0 





13 








289* 

3 



7 

7 




27 

53 







272* 




1 





21 

56 







230* 











25 

44 


0 

15 

Staphylococcus aureus 

199* 










78 



77 




234* 





12 

0 

0 

2 

29 

66 




8 

26 


247* 





14 

0 

5 

a 

27 

58 




11 

21 


402t 




3 

0 



m 

17 

39 







408t 


1 

2 

25 

7 

3 


1 

24 

46 

17 

48 




Mean inhibition 

5.5 

5.0 

2.0 

7.2 

8.0 

m 


m 

23.5 

53.2 

21.0 


73.5 

6.3 

m 


235* 


17 

52 

8 

23 




22 

55 







1252t 


11 

37 

2 

12 




6 

34 







448t 


5 

33 

7 

17 




IS 

52 






Escherichia coli 

773t 









15 

49 

15 

59 

85 

9 

14 


767t 









8 

55 

9 

48 

87 

0 

10 


1245t 





1 

0 

0 

3 

7 

44 




0 

8 


967t 





2 

la 

3 

0 

12 

37 




0 

13 

Mean mhibition 



41.0 

5.7 

11.0 

0.0 

m 

m 

1 

46.5 

12.0 

53.5 

H 

2.2 

11.2 

Baker’s yeast 

405 


3 

54 

38 

25 


8 

8 

42 

71 







160S 



58 

37 

36 




43 

82 







180 



57 

24 

31 




23 

63 







331 


■B 









48 

12 




Brewer’s yeast 

335 




10 


6 

12 

16 

14 

51 

44 

11 


5 

22 


219 













54 




219 













46 




318 


H 


12 


0 

7 

17 

m 

42 




3 

12 

Mean inhibition 


28.0 

56.3 

24.2 

30.6 

3.0 

9.5 

16.5 

26.4 

61.6 

46.0 

m 

m 

m 

17.0 

Carboxylase from 

131 


21 

67 

29 

41 




45 

94 






brewer’s yeast 

1S8II 


15 

57 

21 

36 




30 

63 






Mean inhibition 

.... 

18.0 

62.0 

25 

38.5 




37.5 

78.5 







* Cryochem dried 16 hour cultures. 

** In a comparative study the inhibition of the carboxylase activity of Staphylococcus 
aureus at the end of 120 minutes was 50 per cent with suKathiazole, 15.8 per cent with 
2-amino thiazole; no effect was observed with 2-aminopyrimidine or with 2-aminopyridine. 
The effect on E, coii was 46.3, 37.4, 4.1, and 10.1 per cent inhibition respectively. The in- 
hibitory effect on yeast carboaylase activity was 42, 6.4, 7.4, and 3 per cent respectively. 
The molarity of all drugs was 5.52 X 10^. 
t Fresh 16 hour cultures. 

§ Smaller values obtained with 5 mg of yeast; larger values obtained with 10 mg of yeast. 
II Dialyzed. 
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preparation from brewer’s yeast was studied. In these experiments the op- 
timal conditions of carboxylase activity as described above were employed. 

Sparing solubility of some of these substances limited the maximum concen- 
tration to 1.38 X 10^ M. Where it was jx)ssible other drugs were compared at 
a concentration of 5.52 X 10^ m as well, and sulfanilamide up to 27.6 X 10*^ 
M. The drugs were dissolved in a saline-phosphate mixture of pH 7.16 (90 
cc. saline + 10 cc. m/15 phosphate buffer), heated to 56®C. if necessaiy. 

The reaction system contained, in a volume of 5.8 cc., the drug as indicated in 
Table III, the suspension of organisms, 0.1 mg. of Mg as magnesium chloride and 
26.4 mg. of pyruvic acid (0.0517 m) neutralized to pH 7.1, and a final phosphate 
buffer concentration of m/ 12S. Pyruvate in a volume of O.S cc. was introduced 
into the system from the side arm after temperature equilibration of the system. 
Although the optimal carboxylase activity takes place at pH 6.0, a system at 
pH 7.10 was used in consideration of the greater solubility of the drugs at this 
pH. The duration of the experiments was 120 minutes. The dry weight of 

TABLE IV 


Control Sulfathiasole preaent 





5.52 X 10-* M 


1.39 XIO^ a 

5.52 X 10-* U 

c.mm. CO 2 

402 

332 

246 

402 

335 

269 


* Sulfathiazole removed by washing. 

t Sulfathiazole removed by washing and added again to the system. 


daily samples (per reaction system) of Staph, aureus was 4 mg., E. coli 3.96 
mg., and 5 to 10 mg. of air-dried brewer’s yeast. (Table III.) 

Removal of Sulfathiazole from Sulfathiazole-Treated Staphylococcus aureus 

In the previous communication it was suggested that the drugs either com- 
bine with the enzyme system forming a “drug-protein-coenzyme” complex or 
displace coenzyme forming a “drug-protein” enzyme analogue. 

The result of the experiment, given in Table IV, does not give evidence of 
displacement of cocarboxylase; the drug may possibly have formed a hypo- 
thetical reversible “drug-protein-cocarboxylase” complex. A fresh 16 hour 
culture of Staph, aureus was washed with m/ 15 phosphate buffer of pH 7.16. 
A dense 2 cc. suspension was treated with 30 cc. of 5.52 X 10~^ M sulfathiazole 
solution for 35 minutes at 37.5^C. The suspension was then centrifuged and 
twice washed with phosphate buffer. A control containing no sulfathiazole 
was given identical treatment. The CO 2 production was then measured in the 
Barcroft-Warburg set-up. 

DISCUSSION 

Suspensions of Streptococcus pyogenes exercised weak carboxylase activity. 
The addition of 25->100 7 of cocarboxylase (Merck’s) to the reaction system ac- 


Staph, aureus after sulfathiaaole treatment 
Control* I Sulfathiaaole presentt 


Siapk, aureus before sulfathiazole treatment 
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celerated carboxylase activity several fold. It appears that the carboxylase of 
the suspension of this organism is impaired in some manner, or perhaps it dis- 
sociates more readily than in other cells, and thereby the cocarboxylase is lost. 

Barron and Jacobs (8) state that in the absence of oxygen pyruvic acid is 
split by hemolytic streptococci into acetic acid and formic acid: 

CHjCOCOOH + H2O ^ CHsCOOH + HCOOH 

Our findings show definitely that the anaerobic metabolism of p)n:uvic acid in- 
volves also its decarboxylation by streptococcal carboxylase: 

CHaCOCOOH ► CHaCHO + CO2 

As far as we know this fact has not been observed previously. 

The suspensions of Pneumococcus Type 1 did not exercise activity even in 
the presence of 1-100 y of cocarboxylase. The metabolism of pyruvic acid by 
pneumococci must therefore take place by a different mechanism. Sevag (2) 
previously showed that hydrogen peroxide formed from the oxidation of glucose 
and lactic acid reacts instantaneously with the pyruvic acid resulting simul- 
taneously, and produces acetic acid, carbon dioxide, and water. In the absence 
of carboxylase in the pneumococcic cells this appears to be the principle mech- 
anism of the decarboxylation of pyruvic acid. 

The production of CO3 from the anaerobic metabolism of pyruvic acid in 
Staph, aureus^ E. coli, brewer’s yeast, and baker’s yeast and a carboxylase 
preparation from* brewer’s yeast is inhibited by sulfonamide drugs to varying 
degrees. The results are given in Table III. 

The results clearly show that the thiazole group is the most effective in- 
hibitor of staphylococcal carboxylase; similarly of the E, coli carboxylase. 
Yeast carboxylase and carboxylase prepared from yeast are inhibited by the 
substances containing p3nrimidine, pyridine, and thiazole rings to similar degree, 
except in sulfamethyldiazine which is completely ineffective on all the organisms 
studied. 

At 1.38 X 10~* M concentration, 2-aminopyrimidine and 2-aminothiazole 
show practically no inhibition of Staph, aureus and E. coli carboxylases. An 
increase in concentration of 2-aminopyrimidine to 5.52 X 10^ m shows no in- 
crease in inhibition. However, an increase of 2-aminothiazole to 5.52 X 10^ 
concentration results in an inhibition three to five times as great, indicating a 
definite affinity between this thiazole ring and the en^me system. With 
yeast an increase in molarity resulted in an increase in inhibition by both 
substances. (See also footnote ** to Table III.) 

Of all the substances tested, 2-sulfanilamido-5-ethyl-4-thiazolone appears to 
be the most effective inhibitor on E. coli and Staph, aureus. Its effect on yeast, 
however, is about equal to that of sulfathiazole. It is also interesting to note 
that a methyl group on sulfadiazine obviates its inhibitory effect nearly com- 
pletely, whereas a methyl group on sulfathiazole does not lessen the inhibitory 
effect on Staph, aureus and E. coli^ and somewhat increases this effect onryeast. 
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While the inhibiting effect of 27.6 X 10^ M sulfanilamide on SUifiA. aureus is 
negligible, it inhibits E. coli^ yeast, and carboxylase, respectively, 41, 56.3, Md 
62 per cent. This shows that enz 3 nne proteins in these organisms exhibit 
different affim'ties towards this substance. 

According to Buchman, Heegard, and Bonner (9) thiazole p 3 n:ophosphate 
markedly inhibits the activity of cocarboxylase. Neither thiazole, nor pyro- 
phosphate alone exercised any inhibiting effect in their experiments. The union 
between thiazole pyrophosphate and carboxylase protein is stated to be 
through the pyrophosphate group which is common to both the cocarboxylase 
and the inhibitor. In our study, we did not find the presence of pyrophosphate 
group an essential factor in demonstrating the inhibitory effect of the sul- 
fonamides and the thiazole ring on the enzyme system. 

A comparison of the chemical structures of the drugs containing the p)rrim- 
idine and thiazole rings with the chemical structure of cocarboxylase con- 
taining both rings may help to evaluate the degree of inhibition one can expect 
them to exercise on the carboxylase system. The results in Table III permit 
us to state that thiazole groups exercise a high degree of specihc inhibition on 
the Slaph. aureus and the E. coli systems. On the other hand, the carboxylase 
system of yeast and a carboxylase preparation from yeast are equally affected 
by sulfonamides containing pyrimidine, thiazole, and pyridine rings; sul- 
famethyldiazine, however, is completely ineffective on all the organisms studied. 
Sulfanilamide appears to possess the smallest affinity for the enzyme system. 
However, it is a potential inhibitor, and this potentiality demonstrates its 
power when rings such as pyridine, pyrimidine, and thiazole are attached to 
the sulfamido group. 

It is interesting in this connection to refer to the observation made by 
Rammelkamp and Jewell (10) on the effect of sulfadiazine and sulfathiazole 
on the growth of Staph, aureus. They found that sulfathiazole added to blood 
exercised a somewhat greater effect than sulfadiazine against staphylococci. 
Moreover, the action of sulfathiazole becomes manifest at lower concentrations. 
When the drugs were administered orally, sulfathiazole invariably produced an 
increase in the bactericidal action of the blood as great or greater than sul- 
fadiazine, even though the concentration of sulfadiazine was twice that of 
sulfathiazole. Similarly the results obtained by Straus, Dingle, and Finland 
(11) show that sulfathiazole is about 4 times as effective as sulfadiazine, 8 times 
as effective as sulfanilamide, and 5--6 times as sulfapyridine on the growth of 
Staph, aureus. Their comparative studies (11) on the inhibition of the growth 
of E. coli with these drugs yielded similar results. In this case, sulfathiazole 
was 5 times as effective as sulfapyridine, twice as effective as sulfadiazme and 
40-50 times as sulfanilamide. 

The results given by us in Table III seem to corroborate satisfactorily the 
findings of the above cited investigators. The relative effectiveness of these 
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drugs on the inhibition of growth and the inhibition of the metatolisni of 
pyruvic acid seems to point to a possible direct relationship, emphasizing the 
importance of pyruvic acid metabolism during the multiph^tion of these 
organisms. On the other hand the failure to find carboxylase in pneumococci 
suggests that sulfathiazole may inhibit some other en^me than carboxylase 
in these microorganisms. 

If the sulfonamide drugs exercise their inhibitory effect on en^mes in part 
by virtue of the similarity of their structure to the coenzyme molecule, as 
the results presented in this study appear to indicate, then another group of 
biologically active substances, such as vitamins and vitamin derivatives, 
structurally related to both the drugs and the coenzymes, might be expected 
to modify the inhibitory action of the drugs. The present study is being 
followed by an investigation of this problem. 

Since co^ymases, like carboxylases, are universally present in the respiratory 
enzyme system, the possible relation of the action of sulfonamides to the 
structural similarity existing between them and the co:g^mases must likewise 
be investigated. The result of such an investigation will no doubt be signifi- 
cant from the point of view of the theory concerning the mechanism of anti- 
bacterial drug action. 

The authors wish to express their thanks to Mr. J. Smolens for the nitrogen 
determinations and to Mr. M. Ibsen for the technical assistance rendered. 
Thanks are due also to Merck and Company, Dr. M. L. Moore of Sharp & 
Dohme, and Dr. R. O. Roblin, Jr., of the American Cyanamid Company for 
some of the substances used in this investigation. 

SUMMARY 

The inhibiting effects of sulfonamide drugs and their derivatives on the anae- 
robic decarboxylation of p)niivic acid by Staphylococcus aureus^ Escherichia coli^ 
baker’s and brewer’s yeast, and a carboxylase preparation from brewer’s yeast 
have been investigated. These drugs are: sulfanilamide, sulfapyridine, sul- 
fadiazine, sulfamethyldiazine, sulfathiazole, sulfamethylthiazole, sulfanilamido- 
5-ethyl-4-thiazolone, 2-aminopyrimidine, 2-aminothiazole, and 2-aminop3nridine. 

The sulfathiazole ring appears to exercise decidedly greater specific i^ibiting 
effect on the carboxylases of Staph, aureus and E. coli. The inhibiting effect 
on yeast carboxylase is non-differentiable among all the substances tried, 
except sulfamethyldiazine which is completely ineffective on the carboxylases 
of the organisms studied. 

The specific inhibitory effect of sulfathiazole on the carboxylases of Staph, 
aureus and E. coli in comparison to sulfanilamide, sulfapyridine, and sulfadi- 
azine is in harmony with in vivo and in vitro experimental results of other 
investigators. 
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The results of the present investigation appear to support the h 3 rpothesis 
(1) that sulfonamides exert their bacteriostatic action through chemical affinity 
for the carrier proteins of certain respiratory enzymes of the bacterial cell, and 
that this affinity may in part be related to structural similarity between com- 
ponents of the drugs and the corresponding respiratory coenzymes. 
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I 

Threshold Energies for Vision 

The minimum energy required to produce a visual effect achieves its sig- 
nificance by virtue of the quantum nature of light. Like all radiation, light 
is emitted and absorbed in discrete units or quanta, whose energy content is 
equal to its frequency v multiplied by Planck’s constant h. At the threshold 
of vision these quanta are used for the photodecomposition of visual purple, 
and in conformity with Einstein’s equivalence law each absorbed quantum 
transforms one molecule of visual purple (Dartnall, Goodeve, and Lythgoe, 
1938). Since even the earliest measurements show that only a small number of 
quanta is required for a threshold stimulus, it follows that only a small number 
of primary molecular transformations is enough to supply the initial impetus 
for a visual act. The precise number of these molecular changes becomes of 
obvious importance in undeistanding the visual receptor process, and it is 
this which has led us to the present investigation. 

The first measurements of the energy at the visual threshold were made by 
Langley (1889) with the bolometer he invented for such purposes (Langley, 
1881). He found the energy to be 3 X 10”® ergs for light of 550 m^t. Langley 
worked before the physiology of vision was understood, so that he used the 
wrong light and took none of the precautions now known to be necessary; 
even so, his results are too high only by a factor of 10. 

In the fifty years since Langley there have been eleven efforts to redetermine 
the minimum energy for vision. We have carefully studied all these accounts 
and have done our best to evaluate the measurements. Unfortunately, many 
of them contain serious errors which invalidate them. Most of them involved 
no direct energy determinations; instead, the investigators relied on previously 
measured energy distributions in standard sources and made elaborate compu- 
tations from them. Only a few can be considered as reliable. 

After Langley, the earliest paper is by Grijns and Noyons (1905). Their 
data differ widely from all other measurements and cannot be accepted even 

* A preliminary report of these measurements was published in Science (Hecht, 
Shlaer, and Pirenne, 1941), and presented to the Optical Society in October, 1941 
(Hecht, 1942). 

t Fellow of the Belgian American Educational Foundation. 
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though it is hard to discover their precise errors because the description is too 
obscure. Zwaardemaker (1905), in whose laboratoiy their measurements 
were made, reports some of his own rough determinations, which turn out to 
be near Langley's. Neither Grijns and Noyons nor Zwaardemaker actually 
measured the energies involved, but relied on Angstrdm s (1903) determinations 
of the energy distribution in the Hefner lamp. 

The best of the early efforts is by von Knes and E)rster (1907); and though 
the results involve many calculations, they come very close to the most careful 
of modem measurements. Von Kries and E 3 rster made no direct energy 
determinations; they measured brightnesses, durations, and areas. The 
conversion of these factors into final energies requires skill and care in the 
evaluation of absorptions, reflections, lens factors, and the like, and it is 
gratifying to see the admirable way in which von Kries accomplished this task. 


TABLE I 

Minimum Energy for Vision 


Wavdength 

Energy 

No. of quanta 

Source 

m 

505 

trgs 

0.66-1.17 X 10-“ 

17-30* 

Chariton and Lea (1929) 

507 

1.3 -2.6 X 10““ 

34-68 

von Kries and Eyster (1907) 

530 

1.5 -3.3 X10-“ 

40-90 

Barnes and Czerny (1932) 


* For inexperienced observers. 


Computations from star magnitudes were made by Ives (1916) and by Rus- 
sell (1917), However, neither they nor Reeves (1917) and Buisson (1917), 
who both reproduced star observations in the laboratory, employed the best 
physiological conditions for the measurements. Moreover, none of them took 
consideration of the different luminosity curves for rod vision and cone vision, 
and used the latter as standard in the computations. 

Direct energy measurements were made by du Noiiy (1921), but his work 
involves serious physical errors, and his results are too low by a factor of more 
than 100 — so low indeed as to seem impossible. 

The most recent determinations are by Chariton and Lea (1929), by Went- 
worth (1930), and by Barnes and Czerny (1932), all of whom agree in the 
order of magnitude of their results. Wentworth's exposures were too long to 
yield minimal values; otherwise her work is excellent. She measured the 
energies involved, which Barnes and Czerny also did, but not as directly. 

From these twelve researches, we have chosen the three sets of measure- 
ments which are free from what can now be recognized as obvious error. 
These are given in Table I. Even though they differ by a factor of about 3, 
these data can be considered as roughly confirming one another. However, 
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since for our purposes a factor of 3 cannot be ignored, we undertook to make 
the measurements again, but under the best physical and physiological 
conditions. 


n 

Visual CondUions 

The circumstances which will 3 deld the maximum retinal sensibility have 
been adequately known for years. They involve dark adaptation, peripheral 
vision, small test fields, short exposures, and selected portions of the spectrum. 

Complete dark adaptation means a stay of at least 30 minutes in the dark 
before measxurements can be begun (Piper, 1903; Hecht, Haig, and Chase, 
1937). After thorough dark adaptation the periphery of the retina is much 
more sensitive than its center. The greatest density of rod elements begins 
at about 18° out (0sterberg, 1935), and exploration shows that between 20 and 
30° from the center there is a region of maximum sensibility to light (Went- 
worth, 1930). The variation within this region is not large, and for con- 
venience we chose a retinal area situated 20° temporally on the horizontal axis. 

In visual threshold measurements it has been established that the larger 
the test area, the smaller need the intensity be for its recognition (cf. summary 
by Wald, 1938 a). This reciprocal relation is exact only for small areas. 
Our preliminary experiments, as well as the work of other investigators, show 
a minimum for the product of area and intensity for fields of the order of 10 
minutes diameter. We therefore chose a circular retinal area of 10 minutes 
diameter for the test field. 

The energy required to pass over the visual threshold involves an approxi- 
mately reciprocal relationship between intensity and time of exposure. For 
exposures shorter than 0.01 second, the reciprocal relation holds perfectly 
(Graham and Margaria, 1935). To be sure of falling within this most efficient 
range, our exposures were 0.001 second long. 

Finally, from the measurements of the scotopic luminosity curve (Hecht 
and Williams, 1922), it is known that for dim vision the eye is most sensitive 
to a wavelength of 510 m/i, and this is the light which we used for making the 
measurements. 

ni 

Apparatus and Calibrations 

The physical arrangements may be seen in Fig. 1. The light source £ is a ribbon 
filament lamp run on constant current obtained from storage cells and measured 
potentiometrically. By means of a lens, it is focussed on the slit of a double mono- 
chromator M\M 2 and finally on the artificial pupil P. The subject, who sits in a 
dark cabinet in thedark room, hashis headin a fixed position by keeping his teeth in a 
^^bite” or hard impression of his upper jaw. He has his left eye next to the pupil jP, and 
on looking at the red fixation point FP he sees the field lens FL. The light intensity of this 
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uniformly illuminated field is varied in large steps by the neutral filters F, and in a gradual 
way by the neutral wedge and balancer W. The size of the field is controlled by the 
diaphragms D. Its exposure is fixed by the shutter S, and is initiated by the subject. 

For the record it is necessary to describe the apparatus and calibrations in detail. 
The double monochromator is made of two individual constant deviation mono- 
chromators, Ml and which are arranged for zero dispersion by means of the 
reversing prism RF. In this way, all the light passes through an equal thickness of 
glass, and assures a uniform brightness of the field lens FL. The exit slit of Mi has 
been removed, and the entrance slit of M 2 serves as the middle slit of the combined 
double monochromator. The entrance and exit slits of the combination are kept at 
1.2 mm., which corresponds to a band width of 10 m^ centered at 510 niM. The middle 
slit, before which the shutter is placed, is kept at 0.1 mm. 



Fig. 1. Optical system for measuring minimum energies necessary for vision. The 
eye at the pupil F fixates the red point FF and observes the test field formed by the 
lens FL and the diaphragm D. The light for this field comes from the lamp L through 
the neutral filter F and wedge W, through the double monochromator M 1 M 2 and is 
controlled by the shutter S, 

The field lens FL magnifies the exit slit by a factor of 2, and thus yields an image 
of it 2.4 mm. wide and over 10 mm. high at the pupil F. The image is sufficient to 
cover uniformly not only the pupil F, but also the linear thermopile used for the 
energy calibration. The pupil mount at F and the field lens FL are connected by a 
carefully diaphragmed and blackened tube. The 2 mm. circular pupil F used for 
the visual measurements can be replaced by a slit 2 mm. wide and 10 mm. high behind 
which is the receiving surface of the thermopile for energy measurements. 

5 is a precision shutter made of two parts. One part is a thin circular aluminum 
disc with a small sector of 10.8° removed and properly balanced. It is run at 1800 
R.P.M. by means of a synchronous motor, and therefore permits light to pass through 
the middle slit for 1/1000 second during each revolution. The other part is a polar 
relay shutter, which, by means of a phasing commutator on the shaft of the synchro- 
nous motor, is opened for only one passage of the rotating disc aperture whenever the 
subject releases a push button. 
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The essentiak of the shutter are shown in diagrammatic detail in Fig. 2. On the 
same shaft with the disc there is mounted a commutator having a “live” sector, which 
together with the brush occupies somewhat less than 90®. Two brushes are arranged 
on this commutator 90® apart, and are so phased with the a.c. line voltage that one 
of these brushes receives only a positive impulse while the other receives only a 
negative impuke. These impukes control a polar reky which then actuates a 
pair of single pole, double throw micro switches, MS\ and These are arranged 

with their springs in opposition in such a manner that the switches are in equilibrium 



Fig. 2. Shutter for obtaining a single exposure of 1/1000 second. The details are 
described in the text. 

at either of their two positions, and require but a small force and movement to kick 
them over to their other positions. Micro switch MSi is in series with the winding 
of and in one position connects with the opening brush 0 and in the other position 
with closing brush C. The other micro switch, MSiy charges and discharges a 1 /xfd. 
condenser from the 110 volt, d.c. line through the polar relay PRi. These impukes 
in and out of the condenser actuate PRi whose armature movement then uncovers 
and covers the middle slit. 

The operation is seen by following a single cycle of operation of circuit and shutter. 
Fig. 2 shows the apparatus during its rest or closed period. The 1 10 volt, 60 cycle 
power enters through a pole-reversing switch, iSS, to the neutral brush on the com- 
mutator. The impulse through the closing brush C is blocked, since it enters an open 
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contact in AfSi* The impulse going to the opening brush 0 is blocked at the secondary 
contacts of the overload relay OH, the push button of which, B, is controlled by the 
observer. When B is released so that contact is made, the next impulse which 
leaves the opening brush 0 goes through the left hand contact of MSi, through the 
winding of PR 2 , and through a 2,000 ohm resistance to the other side of the power line. 
This impulse through PH 2 is adequate to throw its armature to the other position, 
thus switching over both MSi and MS 2 , and closing the power circuit through the 
primaiy of the overload relay OH. The activation of OH closes its armature, whose 
movement opens the secondary contacts attached to it, thereby breaking the circuit 
from the opening brush 0 so that the cycle does not repeat itself. The switching of 
MS 2 to its right contact charges the 1 /ifd. condenser through PHi, which moves its 
armature and thereby exposes the slit. The switching of MSi to its right contact 
sets the circuit for the very next impulse through the closing brush C to PH 2 . This 
closing impulse comes exactly three half-cycles or 3/120 second after the original 
opening impulse, and causes PH 2 to return to its original position. Now MS 2 dis- 
charges the 1 /ifd. condenser, which actuates PHi so that its armature moves to cover 
the slit and terminate the cycle. 

The pole-reversing switch HS enables one to select the correct polarity for the 
operation of this circuit. It needs to be set only at the beginning of an experiment 
when the synchronous motor is first started. 

and PH 2 are old Baldwin speaker units in which all the spring tension restraint 
of the armature has been removed; they thus act as very fast polar relays. An 
oscillographic study of PH 2 , which is essentially unloaded, shows that the micro 
switches are thrown to the right contacts before the end of the half cycle which 
actuates it. However, PHi, due to the loading of the shutter vane attached to the 
armature, is not nearly so fast, but opens in less than 3/120 second and closes in less 
than 4/120 second, which are the limits required for its operation. MSi and MS 2 
are a pair of micro switches, type Z, — BZ-R, selected for near equality of spring ten- 
sion. They are mounted plunger to plunger with a loose bar between them. This 
bar has a fulcrum at one end, and a fork at the other. Inside the fork is located the 
armature of PH 2 . The fork width is so adjusted that it offers no resistance tp the 
movement of the armature except at the very end of its motion when the impact of 
the armature is sufficient to kick over both micro switches. 

It was necessary to calibrate the neutralfilters, the wedge and balancer, the diaphragm 
openings, and the energy at the pupil P. The filters and the wedge and balancer 
were measured with our photoelectric spectrophotometer (Shlaer, 1938) at the same 
wavelength used in the experiments, and in an analogous optical position in front of the 
entrance slit of the first monochromator. We first used filters and wedges made of 
gelatin; later they were replaced with neutral glass. The smaller diaphragms were 
calibrated under the microscope with a filar micrometer by measuring several 
diameters for each opening; the larger ones were similarly measured with a comparator. 

The energy density at the pupil P was measured with a Hilger linear thermopile 
and a Paschen galvanometer. The thermopile was first standardized against a 
standard carbon filament lamp of known energy radiation. To do this we used the 
tube holding the pupil and the field lens, first removing the field lens and substituting 
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the slit for the pupil, and fixing the thermopile immediately behind the slit. This 
assembly of tube, slit, and thermopile was then mounted on an optical bench so that 
the standard lamp was at the specified distance of 2 meters from the receiver of the 
thermopile. The thermopile and its end of the tube was then covered with a thermos 
flask and allowed to reach thermal equilibrium. Between the source and the opening 
of the tube was mounted a triple leafed shutter with about 20 cm. spacing between 
the leaves. The surfaces facing the thermopile were blackened while those facing 
the source were shiny. This shutter was used to open and close the radiation to the 
thermopile. 

The thermopile was connected to a Paschen galvanometer, which is a moving 
magnet type of very high sensitivity (about 2 X 10"* volts per mm. at a meter). In 
series with the thermopile and galvanometer was a resistance of about 0.1 ohm, across 
which known potentials could be inserted to counterbalance the potential generated 
by the thermopile, thus using the galvanometer as a null point instrument. The 
radiation was first permitted to fall on the thermopile, and the galvanometer brought 
back to zero by means of measured counter-potentials. The radiation was then 
occluded and the counter-potential switched off to check the zero of the galvanometer. 
In this way we could measure large potentials corresponding to galvanometer swings 
of several meters without actually using such scale distances. The thennopile was 
calibrated as potential vs, radiant energy density incident upon its receivers for three 
different energy densities which covered a range of about 3 to 1, and included the 
actual energy density delivered by the ribbon filament lamp and the monochromators. 

For calibrating the energy density through the monochromators, the field lens was 
replaced in the tube and the tube placed in its correct position in the apparatus. 
Diaphragm D was removed, the middle slit of the monochromator was opened to 1.5 
mm., and the wedge and balancers were removed. The energy was then measured 
with the same thermopile and the same electrical system. With the lamp current 
at 19 amperes, the energy density at the pupil P was 27.5 microwatts per square 
centimeter; with the current at 18 amperes, it was 18.3 microwatts per square centi- 
meter. In the early visual determinations we used the lamp at 19 amperes; in the 
later determinations at 18 amperes. 

In order to convert these measurements into values of the energy at the pupil 
* during the visual determinations, it is necessary to reduce the measured energy 
density by factors corresponding (a) to the change of the middle slit from 1.5 to 0.1 
mm., (b) to the change in aperture of the field lens from its largest opening of 25.9 
mm. diameter to the sizes of the particular diaphragms used, and (c) to the insertion 
of the wedge and balancer. All these factors were known from previous separate 
measurements, but we calibrated them again in their places in the apparatus by means 
of a sensitive dry-disc photocell in place of the thermopile behind the thermopile slit. 
The results merely confirmed the previous calibrations. By applying these reduction 
factors for the wedge at its thiimest place, the middle slit at 0.1 mm., the 10 minute 
diaphragm at the field lens, and the 2 mm. pupil at P, we found that the energy density 
through the pupil is 3.4 X 10~^ ergs per second when the ribbon filament lamp is 
running at 18 amperes. The energy calibrations were run through twice several 
months apart and agreed almost perfectly. 
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IV 

Vistuil Measurements 

From the subject’s point of view, an experiment involves the report of 
whether or not he has seen a flash of light after he has opened the shutter for 
an exposure. Fixation of the red point need not be continuous, a circumstance 
which avoids undue fatigue. The observer is told by the operator that con- 
ditions are set and that he should tiy a flash when he is ready. He fixates 

TABLE II 

Minimum Energy for Vision 


Each datum is the result of many measurements during a single experimental period, and 
is the energy which can be seen with 60 per cent frequency. X >■ 510 m^Li; hp » 3.84 X 10~^^ 
ergs. 


Observer 

Energy 

No. of quanta 

Observer 

Energy 

No. of quanta 


sff j X 

■■n 




S. H. 

4.83 


C. D. H. 


65 


5.18 




76 


4.11 

107 



58 


3.34 

87 


2.23 

58 


3.03 

79 





4.72 

123 

M. S. 

3.31 

81 


5.68 

148 


4.30 

112 

s. s. 

3.03 

79 

S. R. F. 

4.61 

120 


2.07 

54 





2.15 

56 

A. F. B. 

3.19 

83 


2.38 

62 





3.69 

96 

M. H. P. 

3.03 

79 


3.80 

99 


3.19 

83 


3.99 

104 


5.30 

138 


the red point, and at the moment which he considers propitious, he exposes 
the Ught to his eye. The operator changes the position of the wedge, or 
removes or introduces a filter until he is satisfied with the precision of the 
measurements. 

In the early measurements we considered that the threshold had been reached 
when the observer saw a flash of Ught at a given intensity six times out of ten 
presentations. Later the measurements were made somewhat more elabo- 
rately. Each of a series of intensities was presented many times and the 
frequency of seeing the flash was determined for each. From the resulting 
plot of frequency against intensity we chose the threshold as that amount of 
light which could be seen with a frequency of 60 per cent. 

During 1940 and 1941 we measured the threshold for seven subjects. With 
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four we made several determinations each, extending over a year and a half; 
one subject we measured on two occasions 3 months apart; and two we 
measured only once. For all these observers the minimum energy necessary 
for vision ranges between 2.1 and 5.7 X 10“'® ergs at the cornea. These small 
energies represent between 54 and 148 quanta of blue-green light. The results 
for the individual subjects are in Table II, and are given as energy and as the 
number of quanta required. 

It is to be noticed that these values are of the same order of magnitude as 
those of von Klries and Eyster, and of Barnes and Czerny, but almost twice 
as large. Because of the fairly wide ranges, these previous measurements 
and our own overlap to some extent, and it is conceivable, though not probable, 
that their observers may actually have needed somewhat smaller energies 
than ours. Chariton and Lea’s results, however, are much too small. Actually 
their value of 17 hv is an extrapolation to zero frequency of seeing; if we take 
as threshold a 60 per cent frequency, their data come more nearly to 25 hv. 
This is still too small a value, and is probably in error, as will be apparent in 
later sections of our paper. 


V 

Reflections and Absorptions 

The values in Table II, as well as those of previous investigators, are the 
energies incident at the cornea. Nevertheless the tacit supposition has 
generally been made that they represent the actual energies necessary to 
initiate a visual act. It is important to recognize that this assumption is 
incorrect. Before one can know how many quanta are required to start the 
visual process, one must apply at least three corrections to the measurements. 

The first is reflection from the cornea. This is about 4 per cent and is 
obviously of not much importance. The second involves loss by the ocular 
media between the outer surface of the cornea and the retina. It has been 
common opinion that this loss is small. However, the measurements of 
Roggenbau and Wetthauer (1927) on cattle eyes, as well as the recent measure- 
ments of Ludvigh and McCarthy (1938) on human eyes, have shown that this 
loss is large. From the values of Ludvigh and McCarthy it appears that at 
510 m/i the ocular media transmit almost exactly 50 per cent of the light enter- 
ing the cornea of a young person, and less of an older one. 

The next correction is much more diflGicult to evaluate with precision and 
involves the percentage of the energy absorbed by the retinal elements them- 
selves. Since visual purple is the photosensitive substance concerned in this 
particular act, light which is not absorbed by it is visually useless. One cannot 
assume that visual purple absorbs all the light incident on the retinal cells. 
The fraction which it does absorb must be found by experiment. 

Koenig (1894) determined the absorption of the total amount of visual 
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puipl6 which can be extracted from the human eye* If this amount of visual 
purple is spread evenly over the whole retina, his data show that it will absorb 
only 4 per cent of light of 510 m/i. This is a small value. Nevertheless, it is 
about the same as the 4 per cent and the 13 per cent recently found by Wald 
(1938 b) with a similar method for the absorption of the visual puiple of the 
rabbit and rat retinas respectively. 

These figures are probably too low, first because it is unlikely that all of the 
visual purple in the eye has been extracted, and second, because visual purple 
is not evenly distributed over the retina. It is lacking in the fovea; and even 
in the periphery the density of the rods is known to vary in a definite way. 
However, these absorptions may be considered as lower limiting values. 

VI 

Visual Purple Absorption 

We have estimated the absorption of visual purple in the retina in a com* 
pleteJy independent manner by comparing the percentage absorption spectrum 
of different concentrations of visual purple with the scotopic (rod) luminosity 
curve of the eye measured at the retina. The comparison rests on the fact 
that the shape and width of the percentage absorption spectrum of a substance 
varies with its concentration, and that the luminosity curve must represent 
the percentage absorption curve of a particular concentration of visual purple 
in the retina. 

Fig. 3 shows the absorption spectrum of frog’s visual purple as determined 
by Chase and Haig (1938) in our laboratory, by Lythgoe (1937) in London, 
and by Wald (1938 b) at Harvard. The agreement of the data is obvious, and 
shows that the absorption spectrum of visual purple may be considered as well 
established. Table III gives the average of these three series of measurements 
computed so that the maximum density at 500 m/x has a value of 1. 

From these data in Table III we may prepare a series of percentage absorp- 
tion spectra for different concentrations of visual purple. Since we are not 
interested in the absolute concentration of visual purple, but rather in its 
absorption capacities, we can deal with the series of percentage absorption 
spectra entirely in terms of maximum absorption. It will be recalled that the 
photometric density d is related to the transmission /< by the equation d —log 
(1/It), and since the absorption /« = 1 — /|, it is a simple computation to 
find the percentage absorption corresponding to any density value, or the re- 
verse. 

We have made such computations for a variety of visual purple densities, 
and Fig. 4 shows the resulting percentage absorption curves for the different 
maximal absorptions of visual purple. For comparisons among the curves in 
Fig. 4 the maxima have all been made equal to 1, but their actual values are 
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indicated in the figure. It is dear that the width of the curves increases as the 
concentration of visual purple increases. 

The scotopic luminosity curve, as measured experimentally, records the 
redprocal of the relative energy in different parts of the spectrum required for 
the production of a constant and very low brightness in the eye (Hecht and 
Williams, 1922). If this is to be compared with the absorption spectrum of 
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Fig. 3. Absorption spectrum of frog’s visual purple. The data from the three 
sources have been made equal at 500 m/i. 

visual purple, it must be converted into a quantum luminosity curve instead 
of an energy luminosity curve, because it is the number of quanta which deter- 
mines the photochemical effectiveness of light and not just its energy content 
(Dartnall and Goodeve, 1937). Moreover, since our interest lies in retinal 
comparisons, the luminosity curve must be corrected for ocular media absorp- 
tion in terms of the data of Ludvigh and McCarthy. 

The scotopic luminosity data have been corrected in these two ways; the 
computed values are given in Table IV and shown as circles in Fig. 5. Included 
in the same figure are two percentage absorption spectra of visual purple; the 
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upper curve represents 20 per cent maximal absorption, while the lower curve 
is 5 per cent maximal absorption. 

TABLE in 

Absorption Spectrum of Visual Purple 


Average of data from Chase and Haig (1938), Wald (1938 6), and Lythgoe (1937). 


X — mil 

Density 

X ~ mil 

Density 

X — mil 

Density 


0.306 

480 

0.900 

560 


410 

mSSm 

490 

0.967 

570 

mSSm 

420 



1.000 

580 


430 

0.408 


0.973 

590 


440 

0.485 

520 

0.900 

600 

Bll 

450 

0.581 

530 

0.780 

610 

RIB 

460 

0.691 

540 

0.628 

620 

0.0150 

470 

0.811 

550 

0.465 





Fig. 4. Percentage absorption spectra of various concentrations of visual purple. 
For convenience in comparing the shapes of the curves, their maxima have all been 
equated to 1 and superimposed. The actual fraction absorbed at the maTimnm is 
shown for each curve. It is apparent that with increasing concentration the absorp- 
tion curve steadily increases in width. 

For comparing the luminosity and absorption data, it is well to confine our 
attention mostly to the long wave half of the luminosity curve because of the 
larger number of points involved. From the comparison it is apparent that 
the 5 per cent maximum absorption curve describes the points quite well, but 
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TABLE IV 

Rod Luminosity Distribution in Spectrum 

The original energy luminosity data of Hecht and Williams (1922) in column 2, when 
divided by the corresponding wavelengths in column 1, yield the quantum luminosity values 
in column 3 after being multiplied by a factor so that the maximum at 511 mfjL equals 1. 
When these values in column 3 are divided by the ocular media transmission data in column 
4 from Ludvigh and McCarthy (1938), they yield the spectral luminosity distribution at the 
retina given in column 5 after multiplication by a factor so that the maximum at 502 mfjL is 1. 


X — IQM 

Energy luminoiity 
at cornea 

Quantum luminoaity 
at cornea 

Ocular tranamisaion 

Quantum luminosity 
at retina 

412 

0.0632 

0.0779 

■mi 

■sm 

455 

0.399 

0.447 

BSsm 


486 

0.834 

0.874 



496 

0.939 

0.964 


0.984 

507 

0.993 

0.998 


0.986 

518 

0.973 

0.957 

0.519 

0.921 

529 

0.911 

0.877 

0.540 

0.812 

540 

0.788 

0.743 

0.559 

0.665 

550 

0.556 

0.515 

0.566 

0.455 

582 

0.178 

0.155 

0.596 

0.131 

613 

0.0272 

0.0226 

0.625 

0.0181 

666 

0.00181 1 

0.00139 

0.672 

0.00104 



Wave/en^f/7-^m^ 

Fig. 5. Comparison of scoptopic luminosity at the retina with visual purple absorp- 
tion. The points are the data of Hecht and Williams corrected for quantum effective- 
ness and ocular media transmission. The curves are the percentage absorption spectra 
of visual purple; the upper curve represents 20 per cent maximal absorption, and the 
lower one 5 per cent maximal absorption. All curves have been made equal to 1 at 
the maximum, 500 muy for ease in comparison. 









832 


ENERGY, QUANTA, AND VISION 


that the 20 per cent curve is definitely excluded, because its absorption on both 
sides is just too high. The 10 per cent absorption curve, not shown in the 
figure, is perhaps slightly better than the 5 per cent one; it cuts through more 
points. In any case, both values are of the same order of magnitude as those 
found by Koenig and by Wald. However, to be quite safe, we may take 20 
per cent as the upper liinit for the absorption of 510 m/i by the visual purple in 
the human retina after complete dark adaptation. 

vn 

Energy Absorbed by the Rods 

It is clear now why the 54 to 148 quanta required at the cornea cannot repre- 
sent the energy actually employed in vision. About 4 per cent of this incident 
light is reflected by the cornea; almost precisely 50 per cent is absorbed by the 
lens and other ocular media; and of the rest, at least 80 per cent passes through 
the retina without being absorbed. If corrections are made for these factors, 
the range of 54 to 148 quanta at the cornea becomes as an upper limit 5 to 14 
quanta absorbed by the visual purple of the retina. 

Visual purple is in the terminal segments of the rods, and the 10 minute 
circular visual field contains about 500 rods (0sterberg, 1935). Since the 
number of absorbed quanta is so small, it is very unlikely that any one rod will 
take up more than one quantum. In fact, the simplest statistical considera- 
tions show that if 7 quanta are absorbed by 500 rods, there is only a 4 per cent 
probability that 2 quanta will be taken up by a single rod. We may therefore 
conclude that in order for us to see, it is necessary for only 1 quantum of light 
to be absorbed by each of 5 to 14 retinal rods.^ 

It is very likely that the photodecomposition of visual purple in solution has 
a quantum efficiency of 1 (Dartnall, Goodeve, and Lythgoe, 1938). Our data 
then mean that 1 molecule of visual purple needs to be changed simultaneously 
in each of 5 to 14 rods, in order to produce a visual effect. This is indeed a 
small number of chemical events, but by virtue of its very smallness, its reality 
may be tested in an entirely independent manner. 

vm 

Poisson Distributions 

The energy calibration of the light gives merely the average number of 
quanta per flash. This is in the nature of the measurement, because the 

^ These data disprove the supposition made by Granit, Holmberg, and Zewi (1938) 
that most of the visual purple in the retina is inert as sensory substance, and that 
sensory impulses from the rods are “initiated by the bleaching of a thin surface film, 
which had to contain only an immeasurably small fraction of the total quantity 
present’^ (Granit, Munsterhjelm, and Zewi, 1939). Since the m aximum visual purple 
concentration which the retina can achieve is able to absorb only 5 to 14 quanta at the 
threshold of vision, a very small fraction of the total visual purple would absorb much 
less than one quantum and would be ineffective for visual purposes. 
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thermopile records only the energy density, which is the number of quanta per 
second from a continuously incident light. Each flash, however, will not 
always deliver this average number. Sometimes the flash will yield fewer, 
sometimes more, quanta. 

Since absorption of this group of quanta by the retina represents discrete 
and independent events which occur individually and collectively at random, 
the actual number of such retinal events which any given flash provides will 
vary according to a Poisson probability distribution (Fry, 1928). Let n be the 
number of quanta which it is necessary for the retina to absorb in order for us 



Fig. 6. Poisson probability distributions. For any average number of quanta 
{hv) per flash, the ordinates give the probabilities that the flash will deliver to the 
retina n or more quanta, depending on the value assumed for «. 

to see a flash of light. Let a be the average number of quanta which any 
flash yields to the retina. Then the Poisson distribution states that 

Pn =■ a^/ef^n\ 

in which Pn is the probability that the flash will yield the necessary n quanta, 
and e is the base of natural logarithms. A special virtue of the Poisson dis- 
tribution is that it has only one parameter, and is thus determined when the 
average number a is set. The values of Pn for various values of a and n are 
available in printed tables {e,g. Fry, 1928). 

Since for us to see a flash of light the retina must absorb n quanta, we shall 
also see when the retina absorbs more than n quanta. From the published 
Poisson distributions, one can then compute the probability that n or more 
quanta will be delivered to the retina in a given flash when the average number 
of quanta delivered by that flash is known. The values computed in this way 
for different values of a and n are shown in Fig. 6. 

There are two significant features of Fig. 6. One is that the shape of the 
distributions is fixed and different for every value of n. The curve becomes 
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steeper as » iacieases. It follows from this that if the probability distribution 
could be determined by experiment, its shape would automatically reveal the 
value of ft corresponding to it. 

Another and equally important feature of Fig. 6 is that the relationship is 
expressed in terms of the logarithm of the average number of quanta per flash. 
Therefore, for comparison with the distributions in Fig. 6, the ejqjeriments 
need not employ the absolute values of the average number of quanta delivered 
per flash, but merely their relative values. 

The experiments may then be made quite simply. On many repetitions of 
a flash of given average energy content, the frequency with which the flash is 
seen will depend on the probability with which it yields » or more quanta to 
the retina. When this frequency is measured for each of several intensities, 
a distribution is secured whose shape, when plotted against the logarithm of 
the average energy content, should correspond to one of the probability dis- 
tributions in Fig. 6, and should thus show what the value of n has been. 

IX 

Frequency of Seeing 

We have made determinations of this kind. The experimenter varies the 
intensity of the light by placing the wedge in specific positions unknown to the 
observer. The observer then elicits the flash whenever he is ready, and merely 
reports whether he has seen it or not. The intensities are presented in a de- 
liberately random sequence, each for a specific number of times, usually 50. 
The procedure is simplified for the operator by a series of accurately made 
stops against which the wedge may be rapidly set in predetermined positions. 
A complete series in which six intensities are used requires about hours of 
continuous experimentation composed of two or three periods of intensive work. 

The comfort of the observer is of great importance and this must be at a 
maximum. It is equally important that fixation should not be rigidly con- 
tinuous because this is fatiguing. Above all, the observer must be on guard to 
record any subjective feelings of fatigue the moment they become apparent. 
The e:q>eriment is much facilitated by the fact that the observer controls the 
occurrence of the flash, and can set it off only when he is thoroughly fixated 
and ready for an observation. 

The data for the three observers who engaged in this experiment are given 
in Table V. One experiment for each observer is plotted in Fig. 7. The points 
in the figure record the percentage frequency with which a flash of lig ht is seen 
for flashes of average quantum content shown in the abscissas. Comparison 
with the curves in Fig. 6 shows that the measurements are best fitted by Poisson 
distributions in which » is 5, 6, and 7 quanta per flash. For the two other 
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experiments in Table IV, » is 7 and 8. No special statistical methods are 
necessary to determine which curve fits the data, since smaller and larger 
values of n are easily excluded by the simplest visual comparison. 


TABLE V 

Energy and Frequency of Seeing 

Relation between the average number of quanta per flash at the cornea and the frequency 
with which the flash is seen. Each frequency represents 50 flashes, except for S. H. for whom 
there were 35 and 40 for the first and second series respectively. 



Loffor/thm average number hr per y^tash 


Fig. 7. Relation between the average energy content of a flash of light (in number 
of hr) and the frequency with which it is seen by three observers. Each point repre- 
sents SO flashes, except for S.H. where the number is 35. The curves are the Poisson 
distributions of Fig. 6 for » values of 5, 6, and 7. 


From these measurements it is apparent that the number of critical events 
in the retina required to produce a visual effect lies between 5 and 8. These 
values are in such good agreement with the results determined by the straight- 
forward physical measurements already described that we must consider them 
as the actual number of quanta absorbed by the retina. 
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X 

Physical Fluctuation and Biological Variation 

It is unimportant that the number of quanta delivered to the cornea is very 
much higher than the number finally involved in vision according to these 
measurements. This is because most of the light incident on the cornea is 
wasted and does not contribute to the initiation of a visual act. The amount 
falling on the cornea could be greatly increased by any arrangement in the eye 
which would act as a filter. Thus, the cornea and the lens might be pigmented, 
and this probably contributes to the fact that the oldest investigator (S.H.) 
actually requires the highest number of quanta incident on the cornea. Indeed, 
one might even put a filter immediately in front of the eye since the precise 
position of the filter in the optical system is immaterial. Nevertheless, the 
probability distributions would still remain the same, and by their shape would 
yield the magnitude of the number of events involved in the visual act. 

It is necessary to amplify this point somewhat. Fluctuations are part of 
all physical systems, but they become significantly large only when the number 
of individual events, in the modern physical sense, is small. The general 
phenomenon is known as the shot-effect and has been studied extensively in 
electron emission, though it has wide application in the problem of measure- 
ments (Schottky, 1922; Barnes and Czerny, 1932). As a rough approxima- 
tion, one may say that the range of variation is proportional to the square root 
of the number of individual events involved in the process. 

In the optical system of our apparatus, the light from the ribbon filament 
lamp varies in intensity from moment to moment, but because the number of 
quanta emitted is enormous, the variation is almost too small to be measured. 
However, when the light intensity has been reduced first by the filters and 
wedge, then by the monochromators, then by the shutter, then by the ocular 
media, and finally by the retina itself, it has become so low that it represents 
only a few quanta per flash, and is therefore subject to great variation. 

Barnes and Czerny (1932), and following them Brumberg and Vavilov (1933) 
realized that fluctuations must occur in the energy necessary for vision, and 
both groups of investigators looked for them. But they both missed the point 
of where the source of the fluctuations is and supposed it to be the energy de- 
posited at the cornea. Brumberg and Vavilov even expected differences in the 
fluctuations for different wavelengths because of the greater energy required 
for seeing red light, for example, than blue-green light in conformity with the 
scotopic visibility curve of Fig. S. However, the comparisons in Fig. 5 show 
that the differences in number of quanta required for vision in different parts 
of the spectrum record merely their relative absorption by visual purple. The 
number of absorbed quanta for an ultimate effect is the same regardless of 
wavelength and it is this number which sets the magnitude of the physical 
fluctuation encountered. 
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In deriving the curves of Fig. 6 for the quantitative statement of this physi- 
cal fluctuation in terms of the Poisson probability distribution, we have made 
the single assumption that a constant number of quanta n must be absorbed 
by the retina in order for us to see a flash of light. Since it is conceivable, in 
view of the variability of an organism from moment to moment, that this value 
n is not constant, we have considered the consequences of assuming that the 
number n varies from time to time. The results show that biological variation 
is a factor of no great importance. 

The situation may be best made clear by an example. Suppose that instead 
of n being constant, it varies between 4 and 8 quanta per visual act, and that 
the frequency with which 4, 5, 6, 7, and 8 quanta are necessary is distributed 
in terms of an ordinary probability distribution. The curves in Fig. 6 repre- 
senting the frequency distributions for various values of n may then be weighted 
in this way and averaged. The average curve which is then secured is practi- 
cally the same as the original Poisson distributions in Fig. 6, and may be fitted 
by the curves for « = 4 or 5. 

Thus, when biological variation is imposed upon the physical variation, 
there is no change in the essential characteristics of the physical distribution. 
Instead, the value of n merely falls below the average of the biological distribu- 
tion, and is never below the lowest value in the distribution. This tells us 
that when, as in Fig. 7, the measurements yield n values of S, 6, or 7, these 
numbers represent lower limiting values for the physical number of quanta. 
In other words, the only effect which biological variation has on the physical 
variation is to decrease the slope of the curves in Fig. 7 and thus make the 
apparent number of quanta smaller than the real number. 

These considerations serve for understanding the meaning of the fluctuations 
shown by an organism in its response to a stimulus. It has generally been 
assumed that a constant stimulus, when presented frequently, remains con- 
stant, and that the fluctuations in response are an expression of the variations 
undergone by the organism. Indeed, this is one of the tenets of psychological 
measurements, and an elaborate structure of psychometrics has grown up on it 
as a basis {cf. Guilford, 1936). 

The present evaluation of our measurements shows, however, that at the 
threshold the emphasis has been in the wrong place. At the threshold where 
only a few quanta of energy are involved, it is the stimulus which is variable, 
and the very nature of this physical variability determines the variation en- 
countered between response and stimulus. Moreover, even when biological 
variation is introduced, it is the physical variation which essentially dominates 
the relationship. 

This is at the absolute threshold. One may wonder, however, whether a 
differential threshold at any level of intensity may also involve a small number 
of events which determines the differentiation, and which may therefore be 
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subject to a physical variation as at the absolute threshold itself. Only 
experiment can decide this. 

The fact that for the absolute visual threshold the number of quanta is small 
makes one realize the limitation set on vision by the quantum structure of light. 
Obviously the amount of energy required to stimulate any eye must be large 
enough to supply at least one quantum to the photosensitive material. No eye 
need be so sensitive as this. But it is a tribute to the excellence of natural 
selection that our own eye comes so remarkably close to the lowest limit. 

SUMMARY 

1. Direct measurements of the minimum energy required for threshold vision 
under optimal physiological conditions yield values between 2.1 and 5.7 X 
10”^® ergs at the cornea, which correspond to between 54 and 148 quanta of 
blue-green light. 

2. These values are at the cornea. To yield ph 3 rsiologically significant data 
they must be corrected for corneal rejection, which is 4 per cent; for ocular 
media absorption, which is almost predsely 50 per cent; and for retinal trans- 
mission, which is at least 80 per cent. Retinal transmission is derived from 
previous direct measurements and from new comparisons between the per- 
centage absorption spectrum of visual purple with the dim-vision luminosity 
function. With these three corrections, the range of 54 to 148 quanta at the 
cornea becomes as an upper limit 5 to 14 quanta actually absorbed by the 
retinal rods. 

3. This small number of quanta, in comparison with the large number of 
rods (500) involved, precludes any significant two quantum absorptions per 
rod, and means that in order to produce a visual effect, one quantum must be 
absorbed by each of 5 to 14 rods in the retina. 

4. Because this number of individual events is so small, it may be derived 
from an independent statistical study of the relation between the intensity of 
a light flash and the frequency with which it is seen. Such experiments give 
values of 5 to 8 for the number of critical events involved at the threshold of 
vision. Biological variation does not alter these niunbers essentially, and the 
agreement between the values measured directly and those derived from statis- 
tical considerations is therefore significant. 

5. The results clarify the nature of the fluctuations shown by an organism in 
response to a stimulus. The general assumption has been that the stimulus is 
constant and the organism variable. The present considerations show, how- 
ever, that at the threshold it is the stimulus which is variable, and that the 
properties of its variation determine the fluctuations found between response 
and stimulus. 

BIBLIOGRAPHY 

Angstrfim, K., Energy in the visible spectrum of the Hefner standard, PAysic. Rev., 

1903 , 17 , 302 . 



S. HECHT, S. SHLAER, AND M. H. PIRENNE 


839 


Bames, R. B., and Czemy, M., L&st sich ein Schroteffekt der Photonen mit dem 
Auge beobachten?, Z. Physik., 1932, 79, 436. 

Brumberg, E., and Vavilov, S., Visuelle Messungen der statistischen Photonenschwan- 
kungen. Bull, Acad, Sc, U,R,S,S,, 1933, 919. 

Buisson, H., The minimum radiation visually perceptible, Astrophys, /., 1917, 46, 296. 

Chariton, J., and Lea, C. A., Some experiments concerning the counting of scintilla- 
tions produced by alpha particles. Part I, Proc, Roy, Soc, London^ Series A, 
1929, 122, 304. 

Chase, A. M., and Haig, C., The absorption spectrum of visual purple, J. Gen, Physiol,, 

1938, 21, 411. 

Dartnall, H. J. A., and Goodeve, C. F., Scotopic luminosity curve and the absorption 
spectrum of visual purple, Nature, 1937, 139, 409. 

Dartnall, H. J. A., Goodeve, C. F., and Lythgoe, R. J., The effect of temperature on 
the photochemical bleaching of visual purple solutions, Proc, Roy, Soc, London, 
Series A, 1938, 164, 216. 

du Nouy, P. Lecomte, Energy and vision, J, Gen, Physiol,, 1921, 3, 743. 

Fry, T. C., Probability and its engineering uses. New York, Van Nostrand, 1928, 476. 

Graham, C. H., and Margaria, R., Area and the intensity-time relation in the pe- 
ripheral retina. Am, J, Physiol,, 1935, 113, 299. 

Granit, R., Holmberg, T., and Zewi, M., On the mode of action of visual purple on 
the rod cell, J, Physiol,, 1938, 94, 430. 

Granit, R., Munsterhjelm, A., and Zewi, M., The relation between concentration of 
visual purple and retinal sensitivity to light during dark adaptation, J, Physiol,, 

1939, 96, 31. 

Grijns, G., and Noyons, A. K., Ueber die absolute Empffndlichkeit des Auges fUr 
licht. Arch, Anal, u. Physiol,, Physiol, Abt,, 1905, 25. 

Guilford, J. P., Psychomptric methods. New York, McGraw-Hill, 1936. 

Hecht, S., The quantum relations of vision, J, Opt, Soc, America, 1942, 32, 42. 

Hecht, S., Haig, C., and Chase, A. M., The influence of light adaptation on subsequent 
dark adaptation of the eye, J, Gen, Physiol,, 1937, 20, 831. 

Hecht, S., Shlaer, S., and Pirenne, M. H., Energy at the threshold of vision. Science, 
1941,93, 585. 

Hecht, S., and Williams, R. E., The visibility of monochromatic radiation and the 
absorption spectrum of visual purple, J, Gen, Physiol,, 1922, 6, 1. 

Ives, H. E., The minimum radiation visually perceptible, Astrophys, J,, 1916, 44, 124. 

Koenig, A., Ueber den menschlichen Sehpurpur und seine Bedeuting fiir das Sehen, 
Sitzungsher, k, Akad, Wissensch,, Berlin, 1894, 577. 

von Kries, J., and Eyster, J. A. E., Ober die zur Erregung des Sehorgans erforderlichen 
Energiemenzen, Z, Sinnesphysiol,, 1907, 41, 394. 

Langley, S. P., The bolometer and radiant energy, Proc, Am, Acad, Sc,, 1881, 16, 342. 

Langley, S. P., Energy and vision, Phil, Mag,, 1889, 27, scries 5, 1. 

Ludvigh, E., and McCarthy, E. F., Absorption of visible light by the refractive media 
of the human eye. Arch, Ophth,, Chicago, 1938, 20, 37. 

Lythgoe, R. J., The absorption spectra of visual purple and of indicator yellow, /. 
Physiol,, 1937, 89, 331. 

0sterberg, G., Topography of the layer of rods and cones in the human retina, Acta 
Ophth,, Copenhagen, 1935, suppl. 6, 106 pp. 



840 ENERGY, QUANTA, AND VISION 

Piper, H., Vber Dunkeladaptation, Z, Psychol, u. Physiol, Sinnesorgane, 1903, SI, 
161. 

Reeves, P., The minimum radiation visually perceptible, Astrophys, 1917, 46, 167. 

Roggenbau, C., and Wetthauer, A., Uber die Durchlilssigkeit der brechenden Augen- 
medien fiir langwelliges Licht nach Untersuchungen am Rindsauge, Klin. 
Monaisbl. AugenheUk., 1927, 79, 456. 

Russell, H. N., The minimum radiation visually perceptible, Astrophys. J., 1917, 46, 
60. 

Shottky, W., Zur Berechnimg und Beurteilung des Schroteffektes, Ann. Physik., 
1922, 68, 157. 

Shlaer, S., A photoelectric transmission spectrophotometer for the measurement 
of photosensitive solutions, J. Opt. Soc. America, 1938, 28, 18. 

Wald, G., Area and visual threshold, J. Gen. Physiol., 1938 a, 21, 269. 

Wald, G., On rhodopsin in solution, J. Gen. Physiol., 1938 h, 21, 795. 

Wentworth, H. A., A quantitative study of achromatic and chromatic sensitivity 
from center to periphery of the visual field, Psychological Monographs, No. 183, 
Princeton, New Jersey, and Albany, New York, Psychological Review Co., 1930, 
40, 189 pp. 

Zwaardemaker, H., Die physiologisch wahrehmbaren Energiewanderungen, Ergebn. 
Physiol., 1905,4,423. 



THE EFFECT OF AUXINS ON PROTOPLASMIC STREAMING. IH 

By BEATRICE MARCY SWEENEY and KENNETH V. THIMANN 
{From the Biological Laboratories, Harvard University, Cambridge) 

(Received for publication, April 17, 1942) 

I 

INTRODUCTION 

Protoplasmic streaming in the Avena coleoptile is apparently closely related 
to a respiration process. This is particularly true for the acceleration of 
streaming which is produced by treatment with auxin. Experiments reported 
previously have shown that this acceleration is strictly dependent upon the ac- 
cessibility of Oi (Sweeney, 1941) and have also given indirect evidence that the 
applied auxm inaeases the consumption of O 2 by the tissues of the coleoptile 
(Thimann and Sweeney, 1937; Sweeney and Thimann, 1938). In the mean- 
time the influence of auxin on Oi consumption has been reexamined (Com- 
moner and Thimann, 1941). It was found that if the coleoptile sections were 
starved by soaking in water and then treated with malic or fumaric acid, the 
addition of apxin produces a marked rise in respiratory rate, and the increased 
respiration closely parallels the increase in growth. 

The conclusion was drawn that auxin catalyzes a respiration system involv- 
ing the 4-carbon acids, and that this respiration system, while accounting for 
only a grtiay U part of the total respiration of the coleoptile, controls a substantial 
part of the growth process. 

Further, low concentrations of iodoacetic acid (5 X 10~®m) completely in- 
hibit the growth while lowering the total respiration only by about 10 per 
cent. 

Thus the evidence indicates a close relationship between growth and respira- 
tion on the one hand, and between growth and the rate of protoplasmic stream- 
ing on the other. Since growth is apparently linked to a special part of the 
total ATiriatinn, involving the 4-carbon acids, it is obviously of great interest 
to determine whether protoplasmic streaming is also related to this same 
oxidation reaction. 

In order to continue making satisfactory measurements of the streaming 
rate, it was essential that the method of observation be made more objective 
and reliable. The present paper presents: first, a ^eatly improved method 
for the observation and recording of the protoplasmic streaming, and second, 
some eiqieriments on the relation between the acceleration of streaming caused 
by auxin and the presence of malic acid. 
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Method 

Until recently, measurements of the rate of protoplasmic streaming have 
been made by timing the movement of particles between two points on an 
ocular micrometer by means of a stopwatch. This method requires consid- 
erable manipulation by the observer and introduces the opportunity for per- 
sonal errors which are difficult to evaluate. For these reasons, a more mechan- 
ical and objective, as well as a more convenient method of measuring the 
streaming rate was desirable. 

In all measurements of streaming, the basic assumption is that the particles 
move at the same rate as the protoplasm itself. The measurements will be 
more accurate the smaller the particle used in making them, since (a) the 
smaller the inertia of the particle the more nearly it approximates the rate 
of flow of the streaming, and (b) small particles meet fewer obstacles and thus 
their velocity is more constant. On this account the dark field method in- 
troduced by Olson and du Buy (1940) was not adopted. With dark field 
illumination the size of particles can only be determined by the relative in- 
tensity of the light they scatter. The brighter and more easily seen lines 
obtained by Olson and du Buy represent the motion of the larger particles 
and thus give the least accurate measurements.^ 

The principle of making observations by transmitted light as in our previ- 
ous experiments was therefore decided upon. The rate of streaming, however, 
was measured by use of a comparison stream of variable but known velocity, 
in the following way: 

A constant speed motor, driving a pulley, is mounted on a movable platform (see 
Fig. 1). This platform is moved back and forth on a screw by rotating a large wheel, 
W. As the motor advances toward the stationary pulley, the belt connecting motor 
and pulley is loosened and so the effective radius of the driving wheel on the motor is 
increased and the belt revolves faster. In this way the speed of the belt may be 
varied up to double its minimum rate. 

The rate of rotation is reduced to a suitable value by introducing a set of reduction 
pulleys. The final small pulley drives a black elastic belt on which are sewn cut 
crystals. Snaps may be used in place of the crystal beads. These are illuminated 
by a dark room lamp, the light from which is filtered through water in a large flask, C. 
This same lamp serves as illumination for the binocular microscope (only stage, S, 
shown in diagram). The microscope stage, on which are mounted the slit oat coleop- 
tiles being studied, is at the same level as the rotating elastic belt and bright reflecting 
crystal beads. 

The crystals are superimposed on the cell in the field of the microscope by means of 
a camera lucida. To measure the rate of streaming, the bright spots from the beads 

1 The infiltration procedure adopted by Olson and duBuy is open to a more serious 
objection which has been dealt with elsewhere (Sweeney, 1941). 
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are observed through the microscope and their speed is adjusted by means of the 
wheel until they move at the same rate as the fine particles in the cells. 

To obtain the rate of streaming in fi per second, the following calibration is neces- 
sary. The rate of rotation of the top section of the elastic belt is measured with a 
stopwatch at a series of different speeds. After a number of points have been taken, 
a calibration curve may be drawn showing the rate of rotation of the elastic belt, 
reduced to ii per second, for all p>ositions of the motor. Such a curve is shown in 
Fig. 2. Only the straight portion is used in making measurements of the rate of 
streaming. In this part of the curve, the average deviation from linearity is 0.1/i/sec- 
ond. Calibrations were repeated from time to time. While the slope of the cali- 
bration curve remained unchanged, the rate of rotation for any given position of the 



Fig. 1. Arrangement of apparatus (see text). The reference stream of crystals is 
to the right of the microscope stage 5. 

pointer on the scale increased progressively, the total shift during two years’ use 
being 0.75/i/second. 

The position of the motor is recorded by a wire passing over pulleys, attached to a 
block of brass, B, which travels up and down in a section of channel brass (Fig. 3). 
To this block is attached a heart lever (perpendicular to the plane of the diagram), 
magnifying the motion about two times, and writing with a fine pen on a slow kymo- 
graph. The kymograph used revolved at a reasonably constant speed of 8 mm./ 
minute when kept tightly wound. In 30 minutes the record thus covered 240 mm. on 
millimeter paper with an average deviation of ± 6.3 mm. The general appearance 
of the whole apparatus is shown in the photograph (Fig. 4). 

The acceleration of streammg produced by auxin may be temporary when studied 
in water solution, or of indefinite duration, when in presence of sugar (Sweeney and 
Thimann, 1938). In the former case the acceleration is given by the “total effect;” 
i.e.y the area between the curve and the baseline which represents the initial rate. 
However, when the sugar is present, and the acceleration is maintained, the “total 
effect” is taken as the area under the curve during 30 minutes following the addition 
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Fig. 2. Calibration curve for reference stream 



Fig. 3. Device for recording position of the variable speed motor. The recording 
lever is attached to block B and is perpendicular to the plane of the paper (c/. Fig. 4). 

of the solution bringing about acceleration. Since the acceleration of streaming 
with optimum concentrations of auxin is of the order of 4iu/second ( ■• 40 mm. on the 
paper), the m a ximum error introduced by variation in the rate of rotation of the 
k 3 nnpgraph is then 40 X 6.3 or 250 mm.^ As will be seen below, however, differences 
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in total effect up to about ICXK) mni.“ have to be neglected. A change in the rate of 
streaming of O.l/x /second corresponds to 1 mm. on the paper. 

llesides the small errors due to deviation from linearity in the calibration curve, 
and variations in speed of the kymograph, personal errors of observation and lluctua- 
tions in the protoplasm itself were assessed as follows: a coleoptile, mounted in 
pure HaO or sugar solution, was observed and the streaming rate recorded for several 
minutes. An assistant then changed the speed of the comparison stream by an 



4. I^'or comparison with Figs. I and 5 


unknown amount and the observer subsequently reset the rate to match that of the 
protoplasm. 'I'he results of two such tests were as follows: 


Differences in the Rate of Streaming before and after Resetting 


1/3/39 


6/0/41 


ulsec. 

0.7 

0.55 

0.2 

0.3 

0.0 


0.8 

0.1 

0.2 

0.2 

0.3 

0.0 

1.2 

0.5 


Average difference 1^-35 

Average rate of streaming 13.5 


0.42 

14.3 
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The error of setting is thus of the order of ±().4/i/second. Ihe optimum accelera- 
tion produced by auxin is about 4/z/second so that the error is about 10 j)er cent of 
the amount of the acceleration. In terms of the “total effect” this is equivalent, in a 
dO minute record, to 960 mm.“ on the paper. Thus only total effects over 1000 mm.“ 
arc significant. The effect of optimum auxin concentrations in sugar is of the order 
of 4000 mm.-, and total effects as high as 6000 mm.- have been obtained. 

As before, the coleoptiles were sectioned lengthwise and mounted on a slide in 
water or sugar solution. The slide was examined under a total magnification of 575. 
Fresh solution was passed under the cover slip continuously from a drop at one side 
renewed every few minutes, and was drained off from the other side of the cover slip 
by means of a filter paper wick. 

Ill 

The Effect of Malate 

In the experiments on respiration it was found that malate had its optimum 
effect at ().(X)1 m: this concentration was therefore adopted in the present 
experiments. The auxin used was pure indole-3-acetic acid and the proce- 
dure was cither to soak the coleoptile sections in malate before apjdying auxin, 
or to treat with a solution of auxin and malate. All auxin solutions were 
made up in 1 per cent fructose and oxygenated by bubbling Oo from a cylinder 
through the solution for about half an hour before use. 

Avena coleoptiles, 4 days old from the time of soaking the seed, were usetl. 
The plants were grown under the usual conditions of the physiological dark 
room. Although coleoptiles 3 days old (the age of plants used in most growth 
experiments) were used in some of the early experiments because these young 
plants have a high rate of general respiration, and therefore the streaming is 
very oxygen-sensitive, plants 4 days old give more consistent streaming 
velocities and were used in the present and other more recent experiments. 

Tyj)ical results of the influence of malate when added with sugar arc shown 
in Fig. 5. The addition of malate without auxin had no effect on the rate of 
streaming under any of the conditions studied (Fig. 5, curve 1 ; F’ig. 6, curve 
4). In coleoptiles 4 days old the addition of malate to auxin solution of 
concentrations 0.1 and 1 mg./l. did not enhance the effect of auxin (Fig. 5, 
curves 2 and 3). These are the auxin concentrations which give optimum 
acceleration of streaming. Malate, however, increased the effect of small 
auxin concentrations. In coleoptiles 4 days old a concentration of indole- 
acetic acid of 0.005 mg./l. gave total effects just over 10(X) mm.^, f.e., barely 
significant, while lower concentrations, 0.0025 and 0.001 mg./l., only rarely 
gave any effect at all. In presence of malate 0.(X)1 m, however, auxin at 
0.001 mg./l. gave very good acceleration of streaming (see Table I). The 
last experiment of Table I is shown in Fig. 5, curves 4 and 5. 

The influence of treatments applied prior to the auxin was studied by cut- 
ting sections from coleoptiles 3 days old and soaking overnight in 1 per cent 
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fhictose, 0.001 M malate, or water, or in fructose and malate. This «^as the 
procedure used by Commoner and Thimann (1941). 

The sections used were 2 to 3 cm. long from which the tip (3 to 5 mm.) had 
b^n cut off. The following day these sections were slit lengthwise and treated 
wiA auxin 1 mg./l. or with auxin plus malate, records of the streaming rate 
being made as usual. 



Fig. 5. The effect of malate on the velocity of streaming in coleoptiles 4 days old* 
Solutions to be tested were made up in oxygenated 1 per cent fructose, and were 
added to the coleoptile preparation at time zero, previous readings being made in 
1 per cent fructose alone. In this and the following figures, all curves are typical of 
numerous replicate experiments. 

Curve 1. Malate 0.001 m without auxin. Oct. 21, 1940. 

Curve 2. Auxin 1 mg./l. Feb. 5, 1940. 

Curve 3. Auxin 1 mg./l. plus malate 0.001 m. Feb. 5, 1940. 

Curve 4. Auxin 0.001 mg./l. July 28, 1941. 

Curve S. Auxin 0.001 mg./l. plus malate 0.001 m. July 28, 1941. 

When sections were soaked in 1 per cent fructose, or water only, auxin 
1 mg./l. caused only a slight acceleration of streaming (see Table II). In 
other words, the period of soaking has the effect of very greatly reducing the 
sensitivity to auxin. It is as though some constituent of the coleoptile which 
is needed for the response has disappeared or has been used up. When these 
starved sections were treated with auxin and malate, however, a marked 
acceleration of streaming by auxin was obtained. The rate at the end of 30 
minutes’ treatment with auxin plus malate was equal to the rate reached in 
the best auxin concentrations with fresh 4-day plants, although the total 
effect for the first half-hour of treatment was smaller, since the rate increased 
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more slowly. When sections were soaked in malate either 1}^ or 26 hours, 
then streaming accelerated promptly on addition of auxin and large total 
effects were obtained. In soaked coleoptiles, then, a large effect of malate 
in the presence of auxin may be observed. If malate is supplied, then soaked 
sections give as large an auxin reaction as do intact plants 4 days old. 



Fig. 6. The effect of malate on the rate of streaming in sections of coleoptiles cut 
when 3 days old and soaked overnight. Solutions to be tested were made up in 
oxygenated 1 per cent fructose (except curve 4) and added at time zero, previous 
readings of the rate of streaming being made in fructose alone. 

Curve 1. Sections soaked in 1 per cent fructose 26 hours and treated with auxin 1 
mg./l. Sept. 3, 1941. 

Curve 2. Sections soaked in water 161 hours and treated with auxin 1 mg./l. plus 
malate 0.001 m. Aug. 11, 1941. 

Curve 3. Sections soaked in malate 0.001 m plus 1 per cent fructose 26 hours and 
treated with auxin 1 mg./l. Sept. 3, 1941. 

Curve 4. Sections soaked in water 22 hours and treated with malate 0.(X)1 m in 
water solution. Aug. 13, 1941. 

Four curves, t 3 rpical of those from which the data of Table II are derived, 
are shown in Fig. 6. They show: (curve 1) sections soaked in fructose do 
not respond to auxin alone, (curve 2) sections soaked in water do respond, 
though somewhat slowly, to auxin with malate, but not (curve 4) to malate 
alone: (curve 3) sections soaked in fructose with malate give an immediate 
large response to auxin alone. 

Incidentally, the data above suggest that, while malate enters the cell and 
becomes effective more slowly than auxin, fairly large amounts have pene- 
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trated after 30 minutes. Soaking in malate before testing gave malate time 
to enter so that auxin might become effective at once. A soaking period of 
l}i hours was as effective as one of 26 hours (Table II). A further experi- 
ment was designed to test the entrance of malate. A section soaked in sugar, 
i.e. one which would show only a small acceleration of streaming on the addi- 


TABLE I 

Ittfiucncc of MtUotc in Incttostng the Sonstlivity of 4 Doy Old Plants to Low Concentfotions of 
Jfidole- Acetic Acid {0.001 Mg./L.). Total Ejects, Measured in Mm.* 


Date 

Without malate 

With malate 0.001 u. 

2/ 9/40 

2/21/40 

5/1S/40 

7/28/41 

mm,^ 

0 

0 

0 

1137 

mm,* 

2595 

2276* 

f2600 

\2730 

4868 


* Soaked in malate 2 hours before experiment. 


TABLE II 

Eject of Malate, O.OOlit, on Streaming in Soaked Sections in the Presence of Auxin. Total 

Ejects, Measured in mm.* 


SoHkfd in. 

Fructose 1 per cent 

Water 

Malate 


26hrs. 

48 hrs. 

Tested in 

Auxin 

Auxin and 
malate 

Auxin 

Auxin and 
malate 

Auxin 

Auxin 



mm,* 

0 

1160 

0 



mm,* 

3384 

3900* 

3147 

mm,* 

4230 

,m,i 1 

3453 


* Section soaked in malate 1} hours before testing. 


tion of auxin without malate, was treated with auxin and malate for 37 min- 
utes. During this time the streaming velocity increased from 13.9 to 16.2 
/u/second. The malate was then rinsed off the section thoroughly and auxin 
solution without malate was substituted. If no malate had entered the 
cell, th en the streaming rate should have fallen to the control level at once. 
However, streaming velocity remained at 16.2 ^/second for at least 30 minutes 
after malate was removed from the external solution. 

As the coleoptile grows older, the auxin effect on streaming disappears. 
The age at which cells no longer respond to auxin (0.1 to 1 mg./l.) varies be- 
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Fig. 7. 

Curve 1. The effect of auxin, and auxin and malate on streaming in the Avena 
coleoptile 6 days old. Sections treated at time zero with auxin 0.1 mg./l. in oxygen- 
ated 1 per cent fructose solution, previous readings being made in fructose alone. At 
32 minutes, the auxin solution was replaced by auxin 0.1 mg./l. with malate 0.001 ii 
in fructose. Feb. 16, 1940. 

Curves 2-9. The effect of diffefent concentrations of iodoacetate on the rate of 
streaming in coleoptiles 4 days old. Solutions made up in oxygenated 1 per cent 
fructose and added at time zero, previous readings being made in fructose alone. 

Curve 2. Iodoacetate 1 X 10"’ h. Apr. 9, 1940. 

Curve 3. Iodoacetate S X 10"’ m. Mar. 6, 1940. 

Curve 4. Iodoacetate 1 X 10"* m. Feb. 28, 1940. 

Curve 5. Iodoacetate 5 X 10"® m. July 31, 1940. 

Curve 6. Iodoacetate 2 X 10"^ M. Oct. 31, 1941. 

Curve 7. Indole-3-acetic acid 1 mg./l. Aug. 15, 1941. 

Curve 8. Indole-3-acetic acid 1 mg./l. plus iodoacetate 5 X 10"® m. Mar. 1, 1940. 

Curve 9. Indole-3-acetic acid 1 mg./l. plus iodoacetate 5 x 10"® m plus malate 
0.001 M. Mar. 1,1940. 
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tween 6 and 8 days from time of soaking of the seed. When the protoplasm 
will no longer react to auxin in sugar solution, acceleration of streaming may 
be obtained by adding malate to the auxin solution (Fig. 7, curve 1). How- 
ever, sections of plants 4 days old cut and placed on combs floating on auxin 
solution 1 nig./l. did not grow more than a few per cent. Streaming in the 
same material gives its maximum response to auxin of this concentration. 
This would suggest that the ability of auxin to cause growth is lost while the 
ability of the protoplasm to respK)nd well to auxin is retained. 

IV 

The Effect of lodoacetate 

It was shown by Commoner and Thimann that iodoacetate at 5 X 10~® m 
completely inhibits growth without affecting more than a very small part of 
the total respiration, and it was deduced that at this concentration it inhibits 
only the ' ‘growth’' respiration. At higher concentrations larger inhibitions 
of respiration were found. The influence of low concentrations of iodoacetate 
on streaming were therefore studied. 

With very small concentrations of iodoacetate without auxin, (5 X 10”^ M, 
1 X 10^ m; Fig. 7, curves 3 and 4), small accelerations of streaming were ob- 
served (cf. the acceleration of growth found for these concentrations by Com- 
moner and Thimann). Larger concentrations, as high as 2 X 10“^ m had no 
effect alone on streaming within 30 minutes (Fig. 7, curves 5 and 6). How- 
ever, concentrations of 5 X 10^ m potassium iodoacetate completely inhi- 
bited the acceleration of streaming by auxin 1 mg./l., when coleoptiles were 
treated with mixtures of auxin and iodoacetate (Fig. 7, curves 7 and 8). Mal- 
ate 0.001 M partly overcame the inhibitory effect of iodoacetate (Fig. 7, curve 
9). lodoacetate 1 X 10^ M did not affect the acceleration of streaming by 
auxin. The correspondence with the concentrations of iodoacetate effective 
on respiration is thus very close. 

V 

DISCUSSION 

The parallel between the effects of malate on growth and respiration and 
on the acceleration of streaming is striking. Malate alone is without effect 
on respiration and this is true also of the rate of streaming. Whether or 
not malate influences the effect of auxin on streaming depends on the condi- 
tion of the coleoptile tissue. Under optimal conditions for the effect of auxin 
alone (fresh sections of 4-day plants, oxygenated solution containing optimum 
auxin concentration), malate exerts no effect. Evidently here the upper limit 
of possible acceleration of streaming has been reached. Under the same 
conditions except with auxin concentration at the lowest limit of effect, malate 
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greatly increases the sensitivity of the cells to auxin. This suggests that here, 
as with sugar (Schneider, 1938), the auxin reaction is dependent on both auxin 
and malate concentration at the same time, and therefore the effect of these 
substances does not follow the classical limiting factor scheme of Blackman. 

In old plants, or in sections soaked for many hours in fructose or in water 
alone, the response to auxin practically disappears, and the addition of malate 
brings it back to normal or maximal. The obvious deduction is that these 
are the conditions under which malate is depleted from the cells. 

Streaming in soaked sections behaves as predicted from the respiration 
measurements, that is, as if the acceleration on addition of auxin were brought 
about by acceleration of the 4-carbon acid respiration. In sections soaked 
in water or sugar, auxin accelerates streaming only in the presence of malate 
and this is an exact parallel of the results of respiration studies with similar 
cells. It should be noted that when sections are cut at 3 days and soaked 
overnight they are no longer comparable with fresh sections from plants 4 
days old. This point must be borne in mind in making quantitative correla- 
tions of streaming data with measurements of growth of sections. 

The parallel between growth and streaming may be extended to include the 
experiments on iodoacetate, which has an opposite effect to that of malate. 
Potassium iodoacetate, S X 10^ m and above, inhibits the effect of auxin 
on growth, and the same concentrations also inhibit the acceleration of stream- 
ing by auxin. Lower concentrations of iodoacetate (1 X 10^ m) bring about 
small accelerations of both streaming and respiration. It is important, 
however, that the effect of iodoacetate is exerted on the deceleration produced 
by auxin and not on the basal rate of streaming. The acceleration could be 
completely inhibited while the basal rate remained unaffected even by con- 
centrations 10 times as great. Hence this basal rate of streaming cannot be 
in large part controlled by auxin. This is substantiated by the observation 
that control rates do not vary with soaking nor with the age of the coleoptile, 
although auxin production, at least, falls off with age. The streaming brought 
about by auxin may be clearly separated from that before treatment with 
auxin. In fact no auxin-controlled streaming has been demonstrated in the 
untreated cell, although some auxin is undoubtedly present in these cells. 
It is well to make clear, then, that the basal streaming rate is dependent on 
some quite other system than that controlled by auxin. 

The experiments on coleoptiles of different ages present evidence that cessa- 
tion of growth may take place while the cells are still able to respond internally 
to auxin. Presumably growth is prevented by rigidity of the cell walls. Kerr 
and Thimann (unpublished) have shown that secondary wall begins to form 
in the basal cells of the coleoptile late on the 3rd day. The micelles in the 
secondary wall are oriented almost longitudinally and thus would powerfully 
prevent elongation. This has also been brought out by experiments on cells 
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kept at low temperature where deposition of wall is prevented and growth 
continues longer than at room temperature (Heyn, 1931; Heyii and van Over- 
beek, 1931; Bonner, 1934). Ageing may thus be divided into at least two 
processes, the first a thickening of the cell wall, the second the exhaustion of 
malate reserves. The second process may be reversed by addition of malate. 

It may be concluded in general that the presence of malate is a necessary 
condition for the effect of auxin both on streaming and on growth, and that 
iodoacetate in the proper concentration acts as a clear cut inhibitor for both 
processes. 


VI 


SUMMARY 


1. A new method is described which gives a continuous record of the ab- 
solute rate of protoplasmic streaming in epidermal cells of the Avena coleoptile. 

2. With this method a study was made of the influence of malate and iodo- 
acetate on streaming velocity, in order to make correlations with the previ- 
ously established effects of these substances on growth and respiration. 

3. In the presence of optimum concentrations of indole-3-acetic acid in 
freshly cut sections, malate had no effect on streaming. In the presence of 
very low concentrations of the auxin, however, malate increased the range 
of response, so that the threshold of auxin sensitivity was lowered some ten 
times by the malate. Malate alone had no effect on streaming. 

4. In coleoptile sections, soaked overnight in sugar solution or in water, 
the acceleration of streaming normally caused by auxin almost disappear, 
but the presence of malate causes large accelerations of streaming by the auxin. 

5. Similarly, in sections from old coleoptiles, which no longer show accelera- 
tion of streaming by auxin, the acceleration is restored when malate is added 


together with the auxin. 

6. Malate does not enter the cell as rapidly as does auxin, but easily de- 
tectable amounts penetrate within 30 minutes. i_ /e w ^ 

7. Iodoacetate in the concentration which inhibits growth (5 X 10^ M) 
completely inhibits the acceleration of streaming by auxin. In still lower 
concentrations iodoacetate slightly accelerates streaming. Higher concen- 
trations, up to 2 X 1(H M, did not reduce the rate of streaimng below Aat of 
controls without auxin. The effect of iodoacetate is therefore to inhibit the 
acceleration caused by auxin and not to affect the basal streaming rate. 

8 It is concluded that, just as for growth and respiration, malate is neces- 
sary for the response to auxin shown by acceleration of streai^g. This fur- 
thS strengthens the triple parallel between the effects of a^ on stmammg, 
^owth, and respiration, aU of which are apparently mediated by the 4-carbon 


acid system. 
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HYDROSTATIC PRESSURE AND TEMPERATURE IN RELATION TO 
STIMULATION AND CYCLOSIS IN NITELLA FLEXILIS 

By E. newton HARVEY 

{From the Physiological Laboratory, Princeton University, Princeton) 
(Received for publication, May 1, 1942) 

This study was undertaken for two reasons, (1) to determine if Nitella can 
be stimulated by a sudden increase or decrease of hydrostatic pressure; (2) to 
compare the cyclosis velocity under pressure in Nitella with that in Etodea, 
which Marsland (1939) found to be progressively slowed as the pressure was 
increased. This slowing was accompanied by a similar progressive decrease 
in viscosity, as measured by the rate of sedimentation of chloroplasts within 
the Etodea cell under the influence of centrifugal force. 

As is well known, response of Nitella cells is observed after stimulation by 
touching or bending (see Ewart, 1903; also Osterhout and Hill, 1931), applica- 
tion of solutions such as KCl or chloroform (Osterhout and Hill, 1930), cold 
or heat (Dutrochet, 1838), electrically (Dutrochet, 1838; Hermann, 1898) or 
by flashes of ultraviolet light (Harvey, 1942). The criterion of response may 
be an action potential or a stopping of the cyclosis, which has been called 
‘‘shock stoppage.” 

Nitella does not under all circumstances obey the all-or-none law, since the 
magnitude of the action potential may vary and conduction with a decrement 
may occur (Blinks, Harris and Osterhout, 1929). Hill (1941) studied the 
relation between stimulation and cyclosis in Nitella and concluded that elec- 
trical stimulation is accompanied by an action potential only if the stimulus 
is of sufficient intensity. A week stimulating voltage will cause the cyclosis 
gradually to slow down and come to a stop, no action potential appearing, 
while a higher voltage causes an abrupt stop with an action potential. 

In addition to the normal action potential, which is propagated at a rate of 
2 to 3 cm. per second, electrical variations may occur in Nitella due to mechani- 
cal disturbances which travel along the cell with high velocity and stimulate 
each region as they pass (Osterhout and Hill, 1931), as well as death waves, 
also travelling with high velocity (Osterhout and Harris, 1928, 1929). The 
response may thus be decidedly complicated but shock stoppage of cyclosis is a 
sure sign of stimulation. 

Since the pressure chamber used in these experiments contained no elec- 
trodes for leading off the action potential, the criterion of stimulation by 
pressure was a sudden stopping of cyclosis. In addition we may expect pres- 
sure to affect cyclosis directly as in the Elodea experiments of Marsland (1939). 
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As NiteUa is particularly sensitive to mechanical stimulation, the first experiments 
were directed to determining if a pressure wave in water at atmospheric pressure would 
cause shock stoppage of cyclosis. For this purpose a brass chamber (10 cm. high and 
5.1 cm. internal diameter) was made, which contained a glass window 6.2 mm. thick 
in the lower end and in the other a solid brass piston containing a small hole fitted 
with a Incite plug. The chamber was completely filled with pond water (excluding 
air bubbles) and a Nitella cell, which rested on the glass bottom and could be observed 
with an inverted microscope by means of a light beam that passed through the small 
hole fitted with Incite in the piston head. The piston head rested on the water column 
and could be given a sharp blow with a hammer or with a steel ball falling from a given 
height. A pressure wave could thus be started, which travelled downward through 
the water to strike the Nitella cell, whose cyclosis was continually observed. It was 
found that such pressure waves resulting from blows with a hammer or from a steel 
ball of 534 gm. weight falling 145 cm. (energy = 7.6 joules) did not affect cyclosis, 
unless a glancing blow, that actually moved the Nitella cell, struck the cylinder. A 
pressure wave like the above in water at atmospheric pressure may therefore be 
eliminated as a stimulus to stoppage of cyclosis.^ 

The next experiments were with sudden changes of hydrostatic pressure. These 
were applied to the Nitella cell in a special pressure chamber with glass windows, 
similar to that used by Marsland (1939), so that the Nitella could be observed with 
an inverted microscope during the increase in pressure. The pump was a 7 ton 
hydraulic auto truck jack converted to deliver hydrostatic pressures up to 10,000 lbs. 
per square inch.^ 

The results depended on the Nitella cell. In general sudden increases in pressure 
from 0 to 5000 lbs. per square inch or 5000 to 9000 lbs. or increases in steps of 1000 
lbs. each do not stop cyclosis. Some cells, however, will occasionally stop on a sudden 
increase of pressure and others whose cyclosis does not stop on changes in pressure 
up to 5000 lbs. will stop on changing from 5000 to 6000 or 6000 to 7000 lbs. or 7000 
to 8000 lbs. These are exceptions but nevertheless the stoppage of cyclosis can only 
be attributed to stimulation by pressure and not to joggling of the pressure chamber 
or movement of the Nitella cell in the chamber. The response to sudden pressure 
increase is somewhat like the response to sudden ultraviolet light stimulation, as 
described by Harvey (1942), where an action potential appeared in only about one- 
third of the cells exposed to the ultraviolet light flash. 

When the pressure on Nitella was suddenly released from varying high pressures 
(9000 to 5000 lbs.) to atmospheric pressure, the cyclosis stopped in 50 per cent of 
twenty-two trials. The behavior depended on the Nitella cell used in the study. 
Stopping of cyclosis did not necessarily occur as a result of a slight movement in the 

^ Ewart (1903, p. 72) quotes Hermann (1898) as finding that rapid changes in 
pressure up to 2 atmospheres do not cause shock stoppage of cyclosis in Nitella syn- 
carpaf but that a smart blow on a piston head connected with the chamber containing 
NiteUa will cause temporary cessation of streaming. The conditions of the experiment 
are evidently important. 

* One atmosphere » 14.7 lbs. per square inch - 1033 gm. per sq. cm. 1000 lbs. per 
square inch - 68 atmospheres » 70.2 kg. per squaLre centimeter. 
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field and could again be attributed only to stimulation. Perhaps the greater certainty 
of stimulation on release of pressure is due to the fact that release of pressure can 
always be attained more suddenly by turning a valve, whereas increase of pressure 
must be built up by pumping the handle of the hydraulic jack. 

In order to complete the picture of pressure effects, experiments were carried out 
to see if a sudden decrease of the atmospheric pressure over water containing the 
N iteUa cells would cause shock stoppage of cyclosis. The cells were in a glass chamber 
with a plane glass bottom so that observation could be made with an inverted micro- 
scope. The chamber could be connected by a two-way stop-cock and pressure tubing 
to a large evacuated desiccator or to the air. By turning the cock, sudden decreases 
or increases of pressure (20 mm. to 760 mm. Hg) could be applied to the Nitella cells 
but shock stoppage was never observed to occur. 

The direct effect of pressure on rate of cyclosis apart from stimulation is 
indicated in Fig. 1, in which the cyclosis rate in micra per second is plotted 
against the pressure in pounds per square inch, as the pressure is raised in 
steps of KKX) lbs. per square inch. Cyclosis rate was measured at 23®C. by 
timing the movement of the granules in the protoplasm across the lines of a 
square ruled micrometer in the eye-piece. Since the individual granules vary 
considerably in rate the figures are averages of 5 or more readings. 3 to 5 
minutes elapsed between the KXX) lb. changes in pressure. Table I gives the 
data for all successful experiments. 

The slowing of cyclosis by pressure in Nitella is not as regular as in Elodea^ 
and different cells behave differently. Some show a progressive slowing of 
cyclosis as the pressure is increased in increments of 1000 lbs. per square inch 
while in others there is little change in rate until 4(XX) lbs. is reached and then 
a progressive decrease. Curve A is the average of all readings on three dif- 
ferent cells taken on different days, in which there was a progressive slowing 
of cyclosis rate as the pressure was increased. Curve B is also the average of 
all readings on three different cells taken on different days where the slowing 
of cyclosis began at 4000 lbs. At 9000 lbs. the rate is only about of that 
at atmospheric pressure and cyclosis does not stop completely at 10,000 lbs. 
per square inch. Marsland (1939) found cyclosis to stop in Elodea between 
6000 and 7500 lbs. 

If the pressure is suddenly released and no stimulation occurs, the rate 
generally returns to very nearly the original rate at atmospheric pressure. 
The same is true when the pressure is decreased in steps of KXX) lbs. per square 
inch. The return of cyclosis velocity is over approximately the same course 
as when the pressure is increased. Some cells, however, which have been 
kept at the high pressure for some time (30 minutes) appear to be injured by 
the pressure treatment and the cyclosis is permanently slowed. 

Nitdla cells thus behave in most respects in the same way that Elodea cells 
do, except that the cyclosis rate is complicated by phenomena connected with 
stimulation. From analogy with other experiments on pressure, which brings 
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Fig. 1. Cyclosis rate in micra per second as a function of hydrostatic pressure. 
A, average of three experiments on three different cells at 23® C. where the pressure 
effects are marked from the start. B, average of three experiments on three different 
cells at 23®C., where the pressure effects begin after 4000 lbs. per square inch. C, 
experiment with a single cell at 10®C. Cyclosis returned to 18 ix per second at 10®C., 
when the pressure was removed and to the original value (41 fx per second) at 24®C. 
when the temperature was raised. 

about solation in many cells (see Marsland, 1942), the decreased viscosity of 
the protoplasm may be the cause of the slowing of cyclosis but a similar argu- 
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ment applied to the effects of temperature on cydosis would lead to another 
conclusion, namely, that decreasing viscosity with increasing temperature 
should also result in less rapid cydosis. Actually cydosis rate is greatly 
increased by rise of temperature. Moreover, if viscosity changes determine 
the rate of cydosis, one might argue that cydosis which has been slowed (be- 


TABLE I 

Summary of NiteUa Pressure Experiments at 23^C 


Date 

...0 

1000 

2000 

3000 

4000 

5000 

6000 



9000 

10.000 

1942 

M per 

ts per 

M per 

IS per 

M per 

M per 

liper 

M per 

M per 

uPer 

uper 

sec. 

sec. 

see. 

see. 

sec. 

see. 

see. 

see. 

see. 

see. 

see. 

Apr. 4 

45.6 

44.0 



38.5 


35.1 

31.5 

29.3 

23.1 

19.3 

Apr. 3 


52.0 


45.4 



37.5 

29.4 

Fan] 


14.7 

Mar. 28(1) 

33.4 

giiwa 

Rni: 

28.2 

25.8 

25.3 

24.7 

F3P] 

23.5 

(21.5) 


Mar. 28 (2)* 

36.7 

35.4 

33.7 

26.3 

28.4 

26.7 

23.4 





Feb. 20 

58.3 

54.5 


52.5 

48.8 

48.2 

42.4 





Feb. 24(1) 

49.1 

m 

44.4 

42.4 

9 

37.8 

(35.0) 





Average 

45.7 

43.9 


39.3 

36.7 

35.9 

33.0 





Mar. 24(1) 

27.7 

26.3 

27.1 

26.7 

26.2 

25.7 


21.8 

18.6 

13.8 

12.4 

Mar. 24 (2)* 

24.3 


22.7 

22.4 

21.1 

18.3 

16.7 

16.8 




Mar. 26(1) 

27.0 


25.7 

24.1 

24.7 

22.6 

Hn 





Mar. 20 

42.5 

38.5 


37.8 

38.2 

32.8 

29.2 

24.6 

22.2 

19.0 


Feb. 24 (2) 

49.8 

45,7 

47.2 

42.3 

28.9 

24.6 






Feb. 5 (1) 

31.4 

31.4 

31.4 

35.0 

32.4 

Rilli] 

27.5 

22.0 

16.9 

11.6 


Feb. 5 (2)* 

36.6 



31.4 

31.4 

24.4 

23.6 





Average 

34.1 


32.3 

31.3 

28.9 

25.4 

23.1 





Grand average 

39.9 

37.9 

37.1 

35.3 

32.8 

30.6 






Apr. 4 (dec.) 

46.5 

47.7 

44.5 

41.7 

43.5 

41.3 

34.5 

29.0 

28.1 

18.8 

19.3 


The figures give the cydosis velocity at increasing pressures. Those in parentheses are 
extrapolations from a g^aph. An asterisk indicates a second experiment v ith the same cell. 
NiteUa cells in the first six experiments showed continuously decreasing cydosis velocity with 
increasing pressure. Cells in the last seven experiments were little affected until after 3000 
lbs. per square inch pressure. The last line gives values for cydosis in the Apr. 4 experiment 
as pressures are decreased from 10,000 lbs. per square inch. 

cause of viscous protoplasm) at a low temperature could be increased by raising 
the pressure and hence decreasing the viscosity, but such is not the case, as I 
have determined by experiment (see below). 

However, according to Marsland’s (1942) theory, Elodea cydosis is due to a 
wave of sol gel transformation, accompanied by change in volume, which 
passes around the cell. The volume changes are responsible for the circula- 
tory movement. Pressure slows the cydosis by preventing this sol gel 
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change, by forcing the equilibrium toward the sol state making the protoplasm 
mere liquid. Pressure thus acts not by continuously decreasing the viscosity 
in the ordinary sense but by preventing the sol — ► gel transfoma.tion. 

The whole question of pressure effects is intimately connected with tem- 
perature. Recently Johnson, Brown, and Marsland (1942) have described 
an important pressure-temperature relationship in luminous bacteria. These 
forms have a well defined temperature optimum for maximum luminescence 
intensity, ranging from 20-32®C., depending primarily on the bacterial species. 
Above this temperature the light intensity decreases reversibly, so that lowering 
the temperature will restore the original luminescence if the bacteria are not 
kept too long at the higher temperature. An increase of pressure will also 
increase the luminescence intensity at temperatures above the optimum. This 
striking result is explained by the effect of pressure in reversing the equilibrium 
between active and reversibly heat-denatured luciferase, the enzyme respon- 
sible for luminescent oxidations in organisms. Rise in temperature shifts 
the equilibrium toward the denatured enzyme, while rise in pressure shifts 
the equilibrium in the opposite direction. At temperatures above the optimum 
the lowered light intensity is due to lowered active luciferase concentration 
and pressure restores the luminescence by shifting the equilibrium toward 
greater concentration of active luciferase. It would be interesting to know 
if a similar pressure-temperature relationship exists for cyclosis. 

The effect of temperature on cyclosis in Characeae is quite well known. It 
has been studied by Velten (1876), using Chara foetida, who found a maximum 
rate at 34®C. and by Nageli (1860), using Nitella syncarpa, where the maximum 
is at 37®C., as well as by Lambers (1925, 1926) and Romijn (1931). Lumbers 
(1925) gives a curve for cyclosis rate and temperature in Nitella mucronata 
which is very nearly a straight line between 2°C. (8/i per second) and 34°C. 
(lOO/i per second). Above 34®C. the cyclosis rate depends on the time of 
heating. 

The Nitella flexUis used in these pressure experiments had an optimum 
temperature of cyclosis of about 35-36®C., when heated at a rate of 10® in 
30 minutes, with rapid falling off of rate with higher temperatures. At 38.5® 
the rate was the same as that at 22®C. If kept at the high temperatures there 
was a progressive falling off in rate which made the experiments difficult to 
carry out. Therefore the Nitella cells within the pressure chamber at one 
atmosphere pressure were quickly brought to various temperatures ranging 
from 32®-39®C. At 32®C. the cyclosis rate was greater than at 22®C., whereas 
at 39 C., the rate was less than at 22® C. When the proper high temperature 
was attained, the pressure was raised to 3000 lbs. per square inch, where the 
cyclosis rate was quickly measured, and then to 5000 to 6000 lbs. per square 
inch where the cyclosis rate was again quickly measured. 

In no case did cyclosis rate increase as a result of the increase in pressure. 
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There was always a decrease in rate, slight at 3000 lbs. per square inch and 
great at 6000 lbs. per square inch. K raised only to 32®C. there was a return 
of cyclosis to the normal value at 32® when the pressure was released but when 
raised to higher temperatures (37® or 38®) the cyclosis was permanently slowed 
when the pressure was released and did not completely recover at room tem- 
peratures except after a long time. 

Because of the rapid decline in cyclosis rate at temperatures above the opti- 
mum and tl e time factor, it is not feasible to work out curves showing the 
effect of pressure on cyclosis at various critical temperatures. The material 
is not good for pressure-temperature studies, because the optimum tempera- 
ture is so near the maximum temperature at which cyclosis can continue. In 
luminous bacteria there is a rather long temperature step between the optimum 
and the maximum temperature at which these organisms can luminesce. How- 
ever, I have convinced myself that increase in pressure never increases the 
cyclosis rate of Niiella at temperatures near or above the optimum as is the 
case for the luminescence intensity of luminous bacteria. Probably the pres- 
sure effects on cyclosis, ameboid movement, cell division, and pigment flow 
in chromatophores are in another category from pressure effects on the lumi- 
nescent reaction, which primarily depends on catalytic oxidation. Lumines- 
cence of bacteria is more comparable to such activities as muscle contraction, 
nerve conduction, and ciliary or flagellar movement, where moderate pressures 
may increase the activity. 

To complete the picture of temperature effects, 10®C. was selected as a convenient 
point for studying the effect of pressure at temperatures well below the optimum and 
well below the temperature of the room in which the plants had been growing all 
winter. At 10® the rate is about half that at 20®. However, when the pressure is 
increased at this low temperature, the rate of cyclosis is always decreased, relatively 
little for the first 5000 lbs. per square inch but markedly at 6000 to 10000 lbs. per 
square inch. When the pressure was removed, the rate returned to that which is 
normal at 10®C. and when the temperature was raised to 20®C. the rate returned to 
that characteristic of the higher temperature. A curve is given in Fig. 1 , C. There- 
fore, if the slowing of cyclosis at low temperatures is due to increased viscosity of the 
protoplasm, as previously explained, a solation by increased pressure at this low 
temperature cannot counteract the slowing. However, we do not know how tempera- 
ture (or pressure) affects the motive force for cyclosis (whatever it may be) apart 
from an effect on viscosity, and such knowledge is essential for extended discussion. 

There is another reason why temperature studies on cyclosis are difficult. 
I can confirm the older observations of Hofmeister (1867), Hormann (1898), 
Lambers (1925), Umrath (1930), Romijn (1931), and Hill (1935) that a sudden 
decrease in temperature will stimulate, causing shock stoppage of cyclosis, 
and in addition have confirmed Dutrochet (1838), that sudden increases in 
temperature will also cause shock stoppage. Time must always be allowed 
for recovery from this shock effect. 
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I take pleasure in acknowledging the aid of my research assistant, Mr. Harold 
Towne, who made.many of the observations on the rate of cyclosis at differ- 
ent pressures. 


SUMMASY 

NiteUa flexUis cells are not stimulated to “shock stoppage” of cyclosis by 
suddenly evacuating the air over the water or on sudden readmission of air, 
or on suddenly striking a piston in the water-filled chamber in which they are 
kept with a ball whose energy is 7.6 joules, provided the NiteUa cell is not 
moved by currents against the side of the chamber. 

Sudden increases in hydrostatic pressure from zero to 1000 lbs. or 0 to 5000 
lbs. per square inch or 5000 to 9000 lbs. per square inch usually do not stimu- 
late to “shock stoppage” of cyclosis, but some cells are stimulated. Sudden 
decreases of pressure are more likely to stimulate, again with variation depend- 
ing on the cell. 

In the absence of stimulation, the cyclosis velocity at 23°C. slows as the 
pressure is increased in steps of 1000 lbs. per square inch. In some cells a 
regular slowing is observed, in others there is little slowing until 4000 to 6000 
lbs. per square inch, when a rapid slowing appears, with only 50 per cent to 
30 per cent of the original velocity at 9000 lbs. per square inch. The cyclosis 
does not completely stop at 10000 lbs. per square inch. The pressure effect 
is reversible unless the cells have been kept too long at the high pressure. 

At low temperatures (lO^C.) and at temperatures near and above (32®- 
38®C.) the optimum temperature for maximum cyclosis (35-36®C.) pressures 
of 3000 to 6000 lbs. per square inch cause only further slowing of cyclosis, with 
no reversal of the temperature effect, such as has been observed in pressure- 
temperature studies on the luminescence of luminous bacteria. 

Sudden increase in temperature may cause shock stoppage of cyclosis as 
well as sudden decrease in temperature. 
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ACCUMULATION OF SALT AND PERMEABILITY IN PLANT CELLS 

By D. R. HOAGLAND and T. C. BROYER 
(From the Laboratory of Plant Nutrition, University of California, Berkeley) 

(Received for publication, March 24, 1942) 

This paper represents a further report on the progress of investigations 
originally described by Hoagland and Broyer^ and by Prevot and Steward.* 
(Compare also investigations of Steward and associates on storage tissues.*) 
These investigations have as their special objective the development of knowl- 
edge of the relation of cell metabolism to the accumulation of salt against 
concentration or activity gradients by root cells. The general technique of 
experimentation on roots has already been described.^ As one feature of this 
technique the internal concentrations of salt were usually determined on sap 
expressed from the root tissues after killing them by rapid freezing. This pro- 
cedure is capable of yielding consistent and useful results on the influence of 
many factors of the internal and external environment on the absorption and 
accumulation of salt.^ We are of the opinion that most of the salt recovered 
in the expressed sap is located in cell vacuoles, large or small. Obviously, 
however, the sap derived from complex tissues does not represent so definite 
a component of living cells as does the vacuolar sap that can be removed 
from large coenocytic algal cells. It is of interest, therefore, to consider 
another method of studying the movement of salt against gradients in root 
systems. Investigation of the socalled bleeding sap obtained from the roots 
of barley or other plants when the shoot is abscised a short distance above 
the root system provides another method of study. There are various reasons 
for believing that this sap emerges primarily from xylem vessels. 

Comparison of Composition of Exudates and of Expressed Sap from Roots 

We have made a number of comparisons of the composition of sap expressed 
from barley root tissues with that of the exudation fluid, in experiments con- 
ducted on plants absorbing salt from dilute solutions of potassium bromide. 
In one such experiment (Fig. 1), barley plants placed in a dark humid chamber 
had their roots immersed in aerated distilled water. They were decapitated 
about 1 inch above the root-stem plate and the bleeding sap collected for 

1 Hoagland, D. R. and Broycr, T. C., Plant Physiol, 1936, 11, 471. 

* Prevot, P., and Steward, F. C., Plant Physiol, 1936, 11, 509. 

» Steward, F. C., Tr, Faraday Soc., 1937, 33, 1006. 

^ Broyer, T. C., and Hoagland, D. R., Am, J , Bol, 1940, 27, 501. 
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15 minutes to obtain an initial sample of exudate. The experimental salt 
was then added; i.e., KBr solution of 5 milliequivalents per liter concentra- 
tion. Successive increments of exudate were collected for analysis. At 
several intervals root samples were removed, weighed, centrifuged, and frozen 
for the determination of the K and Br concentrations in the expressed sap. 
The data presented illustrate that the exudate, as well as the expressed sap 
of the roots, reflects the power of the actively metabolizing roots to concen- 




Fig. 1 . Comparison of the concentrations of K and Br in exudates and in expressed 
saps from roots of decapitated barley plants. Roots of decapitated plants in aerated 
distilled water (control) and in aerated KBr solution of 5 milliequivalents per liter 
concentration. The exuding plants were placed in dark, humid chambers. 

Fig. 2. Comparison of rates of CO 2 production by excised roots under aerobic 
and anaerobic conditions. Barley plants grown from Jan. 7th to Jan. 28th (21 days). 
Experimental culture solutions 50 milliequivalents per liter concentration. Tempera- 
ture of culture solution 19,0 ± 0.5®C. Nitrogen gas purified through pyrogallol. 
Roots placed in water and pretreated with N 2 gas. Compare Figs. 3 a and b, in 
which data are from a similar experiment. 

trate solutes. Earlier investigators also observed and studied the relations 
between the composition of exudate fluids and that of the culture medium of 
the roots. In the recent period, this method of study has assumed greater 
interest in the light of developments in research on the active transport of 
solutes by living plant cells. 

The data cited in this article indicate that the concentration of mobile ions 
may be of the same order of magnitude in the exudate and in expressed sap 
of the roots from which the exudate arises. They are in agreement with re- 
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suits published earlier from this laboratory.® LundegS,rdh has recently cited 
from another point of view several results of similar import.* In the present 
experiments the bromide ion concentrations were nearly the same in the two 
fluids of different origin (exudate and expressed sap) after a suitable period of 
time for solute absorption had elapsed. Potassium concentrations remained 
considerably higher in the expressed sap than in the exudate. Undoubtedly 
the quantitative relations of solute concentration in root sap and exudate 
would vary with the time period of the experiment and with factors affecting 
metabolism. The idea to be stressed here is that the independent method of 
exudate study leads to essentially the same general point of view concerning 
the metabolically governed movement of salt against gradients as does the 
study of expressed sap. This is of interest because the exudate is a fluid 
obtained without the need of killing and crushing tissues. The exudate 
from the barley plants contained no protein precipitable by trichloroacetic 
acid. Phillis and Mason’^ have suggested that the accumulation of solutes by 
tissues of higher plants may be regarded as a phenomenon of the “solvent 
capacity** of living protoplasm. The evidence offered in this article, as well as 
the evidence available from the investigations of Nitellay Vdonia, and other 
large coenocytic cells does not lead to the view that the activities of living 
plant cells in concentrating salt can be explained by the concept of “solvent 
capacity** of protoplasm. Rather a secretory process is indicated. 

Respiration in Relation to Sdt Accumtdation 

The intimate association of aerobic metabolism with inorganic solute ac- 
cumulation by plant cells gives special importance to the processes of aerobic 
respiration. As a general basis for discussion of this aspect of the problem, 
it is useful to call attention to the rates of CO 2 production by barley root cells 
under aerobic and anaerobic conditions. Data from one experiment are 
presented in Fig. 2.® The aerobic CO 2 production is more rapid than the 
anaerobic, but even in the latter case enough carbonic acid is given off to 
make possible marked salt accumulation, if this were the determining factor.® 

• Hoagland, D. R., Cold Spring Harbor symposia on quantitative biology. Cold 
Spring Harbor, Long Island Biological Association, 1940, 8, 181. 

Hoag^nd, D. R., and Broyer, T, C., Am, J, Bot,, 1940, 27, 173. 

• Lundeg&rdh, H., Planta, 1940, 31, 184. 

’ Phillis, E., and Mason, T. G., Ann. Bot,, 1940, 4 , n.s., 645. 

® Also see footnote 1 and data in Tables I and III. 

® Unpublished data with excised barley roots show that a small aerobic accumu- 
lation of salt can occur at low temperature (0— 5®C.) under which conditions the 
concomitant CO 2 production may be only 20 per cent of that at nomal temperatures 
(20-2S®C.) The rate of CO 2 production under anaerobic conditions is frequently 
50 to 60 per cent of that under aerobic conditions, at similar, normal temperatures. 
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Yet anaerobic respiration is ineffective for this purpose. The respiratory- 
quotient for well aerated cells is close to 1, provided an excess absorption of 
cation or anion does not occur. If an excess of an ion of one sign of charge 
is absorbed then through adjustments in organic acid metabolism the respira- 
toiy quotient may be altered (Ulrich).^® 

Because of the importance of aerobic respiration in relation to salt accumu- 
lation, it is an obvious step to investigate the influence on salt accumulation of 
respiratory inhibitors. A systematic study of roots from this point of view 
is going forward. In several experiments already completed potassium cyanide 
in relatively low concentration (0.5 to 10 milliequivalents per liter) was added 
to aerated solutions of potassium bromide in which barley roots were immersed. 
The cyanide suspended completely, or almost completely, the accumulation 
of K and Br ions, without apparent injury to the roots, except for a develop- 
ment of brown color in higher concentrations of cyanide (Table I, Experi- 
ment 1). The effect of cyanide on salt accumulation was to a certain extent 
reversible (Table I, Experiment 2). The lower effective concentrations of 
cyanide (0.5 to 1.0 milliequivalents per liter) did not depress CO 2 production 
very greatly, but the more signiflcant oxygen consumption value may show 
greater depression, according to certain unpublished data by Machlis, of 
this laboratory. The results obtained with cyanide suggest an induced 
anaerobiosis. The general suggestion is that a metal catalyzed respiratory 
system is linked in some way with the process of salt accumulation, although 
preliminary experiments have not revealed the exact nature of the system 
involved. 

It is conceivable that a hydrogen acceptor which would modify the course 
of respiration would likewise influence the accumulation of electrolytes. The 
effects of methylene blue were studied from this viewpoint. The presence of 
this hydrogen acceptor in the nutrient medium in very low concentrations 
(IX 10“® to 1 X 10"* molar) had little influence on either CO 2 production or 
electrolyte absorption. Methylene blue concentrations of 1 X 10"® molar 
which were effective in inhibiting salt accumulation (Table II), did not de- 
press the average rate of CO 2 production over an experimental period of 4 
hours. Although the methylene blue-treated tissues (IX 10"* m) frequently 
appeared to be turgid, a tissue injury was apparent in the general loss in fresh 
weight and solute by the roots during this interval of time. These effects were 
irreversible. Methylene blue increased the permeability of the cells, as indi- 


but appreciable salt accumulation does not occur. Since under low oxygen tensions 
the respiratoiy quotient increases, oxygen absorption would be a more satisfactory 
index of respiratory metabolism in relation to absorption of salt (compare data on 
respiration of plant tissues by Merry and Goddard, see Merry, J., and Goddard, 
D. R., Proc. Rochester Acad, Sc., 1941, 8, 28) than CO 2 produced, 
w Ulrich, A., Am. J. Bot., 1941, 28, 526. 
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TABLE I 

EfuU of Aeration and o/ Cyanide on the Absorption of K and Br by Excised Barley Roots 


Experimental conditions 

Composition of 
expressed sap per liter 

Net absorption 
per liter 

Respiration 
rate in 
amount of 
COs per hr. 

per gm. 
fresh weight 
tissue 

K 

Br 

K 

Br 


M. eq. 

m. eq. 

m. eq. 

m. eq. 

mg. 

Experiment 1 






Control roots (initial status) 

26.8 

0.0 




Distilled water; aerated 

25.2 

0.0 

-1.6 

0.0 

0.29 

Distilled water; N2 gas 

21.7 

0.0 

-5.1 

0.0 

0.16 

KBr 5 m. eq. per 1.; aerated 

55.9 

22.3 

29.1 

22.3 

0.32 

KBr 5 m. eq. per 1.; Nj gas 

26.7 

3.2 

-0.1 

3.2 

0.12 

KCN 0.5 m. eq. per 1.; aerated 

25.6 

0.0 

-1.2 

0.0 

0.29 

KCN 1.0 m. eq. per 1.; aerated 

22.5 

0.0 

-4.3 

0.0 

0.20 

KCN 3.0 m. eq. per 1.; aerated 

27.3 

0.0 

0.5 

0.0 

0.08 

KBr 5 m. eq. per 1., plus KCN 0.5 






m. eq. per 1.; aerated 

26.4 

4.7 

-0.4 

4.7 

0.27 

KBr 5 m. eq. per 1., plus KCN 1.0 






m. eq. per 1.; aerated 

24.3 

0.0 

-2.5 

0.0 

0.19 

ElBr m. eq. per 1., plus KCN 3.0 






m. eq. per 1.; aerated 

31.8 

0.8 

5.0 

0.8 

0.10 

Experiment 2 






Control roots (initial status) 

18.6 

0.0 




KBr 5 m. eq. per 1 

44.5 

33.8 

25.9 

33.8 


KBr 5 m. eq. per 1., plus KCN 10.0 






m. eq. per 1 

23.9 

2.1 

5.3 

2.1 


KBr 5 m. eq. per 1., plus KCN 10.0 






m. eq. per 1., followed by washing, 






then KBr 5 m. eq. per 1 

31.9 

18.0 

13.3 

18.0 


Experiment 3 






Control roots (initial status) 

25.0 

0.0 




KBr 50 m. eq. per 1., plus KCN 1.0 






m. eq. per 1 | 

29.2 

6.8 

4.2 

6.8 



Experiment 1: Barley plants grown from Oct. 15 to Nov. 8 (24 days). Experimental 
periods 8 hours. pH of cyanid cultures about 7.0. Nitrogen gas purified through pyrogallol. 
Temperature of culture solutions 22°C. 

Experiment 2: Barley plants grown from June 3 to June 24 (21 days). Experimental 
periods each S hours. All culture solutions aerated. Temperatures of culture solutions 
21.S± O.S"C. 

Experiment 3; Barley plants grown from Dec. 30 to Jan. 30 (31 days). Experimental 
periods 8 hours. Culture solution aerated. Temperature of culture solution, 17.0 ± O.S'C. 

Gated by outward movement of solutes, and CO2 production continued, but 
disturbance of the protoplasmic mechanism prevented salt accumulation. 
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The influence of oxygen deficiency in preventing salt accumulation might be 
associated with the formation of by-products of fermentative processes, such 
as alcohol or lactic acid. An experiment was carried out in which these sub- 
stances were added to the culture solution, under aerobic and anaerobic 
conditions (Table III). Under aerobic conditions neither the alcohol (0.01 m) 
nor the lactic acid (0.001 m) had the inhibiting effect on the entrance of salt 
into the tissue that was produced by oxygen deprivation. It may be that 
oxidation of the lactic acid or alcohol was sufficiently rapid to prevent any 


TABLE II 

EJfects of Methylene Blue on the Absorption of K and Br by Excised Barley Roots 


Eiperimental coaditions 

Compoiition of 
expressed sap per liter 

Net absorption 
per liter 

Respiration 
rate in 
amount of 
COt per hr. 

per gm. 
fresh weight 
tissue 


K 

Br 

K 

Br 

Experiment 1 

Control roots (initial status) 

m. eg. 

22.3 

m. eq. 

0.0 

m. eq. 

SI. eq. 

mg. 

Distilled water 

21.0 

0.0 

-1.3 

0.0 

0.29 

Methylene blue 0.001 ic 

8.7 

0.0 

-13.6 

0.0 

0.32 

KBr 5 m. eq. per 1 

KBr 5 m. eq. per 1. plus methylene 

37.9 

7.85 

15.6 

7.85 

0.39 

blue 0.001 M 

KBr 5 m. eq. per 1. plus methylene 
blue 0.001 M, foUowed by wash- 

12.5 

2.04 

i 

-9.8 

2.04 

0.43 

ing, then KBr 5 m. eq. per 1 

11.8 

4.05 

-10.5 

4.05 

0.26* 


Experiment 1 : Barley plants grown from Apr. 8 to May 2 (24 days). Experimental periods 
each 4 hours. Culture solutions aerated. Temperatures of culture solutions 21.5 d: 0.5^C. 
At the termination of each experimental period all roots appeared to be turgid; losses in 'fresh 
weight of tissue during the experiment were not significant. Sugar losses from roots treated 
with methylene blue were significantly greater than those accountable to normal respiratory 
processes. 

*This figure represents the respiration rate obtained during the secondary treatment. 
The value during the primary treatment was 0.40. 

interference with protoplasmic reactions.. Or, as Blinks^^ suggests, on the 
basis of the work of Osterhout and Hill,^ it is conceivable that under anaerobi- 
osis there may exist as an influential factor, not the formation of a deleterious 
product of metabolism, but rather the failure of synthesis of some protoplas- 
mically active compound. 

Blinks, L. R., Cold Spring Harbor symposia on quantitative biology, Cold 
Spring Harbor, Long Island Biological Association, 1940, 8, 204. 

“ Osterhout, W. J. V., and Hill, S. E., Proc. Soc. Exp. Biol, and Med.^ 1934-35, 
82, 715. 
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Another approach to the possibility that absorption of salt might be retarded 
or prevented through by-products of fermentative processes was made. It 
was considered that these by-products might not be formed in significant 
quantities anaerobically under conditions of low temperature. If perme- 
ability per se were not impaired or not essentially low at all times, then ions 
should move readily into the cell with a positive inward concentration gradient 
at a low temperature. In one exp>eriment, the results of which are presented 
in Table IV, the effects of passing air and N 2 gas through the culture solution 
on the absorption of K and Br with a concentration gradient were compared. 


TABLE m 

EJfects of Lactate and of Ethanol on the Absorption of K and Br by Excised Barley Roots 


Experimental conditions 

Composition of 
expressed sap per liter 

1 

Net absorption 
per liter 

Respiration 
rate in 
amount of 
COs per hr. 

per gm. 
fresh weight 
tissue 

K 

Br 

X 

Br 


m. eq. 

m. eq. 

m. eq. 

m. eq. 

mg. 

Control roots (initial status) 

23.2 

0.0 




KBr 50 m. eq. per 1., plus K lactate 






0.(X)1 M (pH 5); aerat^ 

77.1 

38.7 

53.9 

38.7 

0.33 

KBr 50 m. eq. per 1., plus K lactate 






0.001 u (pH 5); N> gas 

27.9 

8.1 

4.7 

8.1 

0.19 

KBr 50 m. eq. per 1., plus ethyl alco< 






hoi 0.01 M, aerated 

73.0 

33.5 

49.8 

33.5 

0.34 

KBr 50 m. eq. per 1., plus ethyl alco- 






hol 0.01 m; Ns gas 

16.9 

7.9 

-6.3 

7.9 

0.19 


Barley plants grown from Aug. 28 to Sept. 18 (21 days). Experimental periods 12 hours. 
Temperature of culture solutions 23.5 =b 0.5®C, Nitrogen gas purified through pyrogallol. 
All tissues were turgid at the termination of the experiment. Fresh weights and sugar con- 
tents of tissues were maintained. Roots placed in water and pretreated with Ni gas. 

The extremely slow entry of those ions, either at the lower or the higher 
temperature, when N* gas was passed, does not supply evidence for a tem- 
perature controlled effect on the formation of substances influencing per- 
meability. However, the modifying influence of low temperatures on the 
viscosity of protoplasm and membrane structure must not be disregarded. 

Thus far, except for the temperature experiment just discussed, we have had 
in mind studies of salt accumulation from dilute solutions (5 milliequivalents 
per liter or less) in which the initial concentration of potassium in the culture 
solution was much lower than the initialxoncentration of K in the roots. Bro- 
mide although not initially present in the roots, rapidly rose to a concentra- 
tion higher than that of the external solution, and the potassium was con- 
comitantly accumulated against the existent concentration gradient. Other 
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experiments have now been made with solutions of much higher concentration 
of K and Br in the culture medium, but not so high as to induce harmful 
osmotic disturbances. These concentrations were 50 or 60 milliequivalents 
per liter of KBr. The inward gradient of K was then positive from the 
beginning. 

Effects on inward salt movement were compared for aerated solutions and 
solutions through which purified nitrogen gas was passed (Figs. 3 a and 35). 
Anaerobically very little potassium entered the roots, not withstanding that 
a marked inward gradient existed for this ion, while aerobically the potassium 
was rapidly absorbed and even accumulated to a higher concentration than 
that of the relatively strong external solution. Bromide ions moved inward 


TABLE IV 

Effects of Temperature and Aeration on the Absorption of K and Br by Excised Barley Roots 


Experimental conditions 

Composition of 
expressed sap per liter 

Net absorption 
per liter 


K 

Br 

K 

Br 

Control roots (initial status) 

M. eg. 

22.0 

m. eg. 

0.0 

m. eg. 

Iff. eg. 

KBr 60 m. eq. per 1., 0.7S®C; aerated 

40.5 

16.1 

18.5 

16.1 

KBr 60 m. eq. perl., 0.75®C; N 2 gas 

27.8 

9.7 

5.8 

9.7 

KBr 60 m. eq. per 1., 18.5®C; aerated 

80.4 

50.0 

58.4 

50.0 

KBr 60 m. eq. per 1., 18.5®C; N 2 gas 

29.2 

10.7 

7.2 

10.7 



Barley plants grown from Nov. 4 to Nov. 27 (23 days). Experimental periods 12 hours. 
Nitrogen gas purified through pyrogallol. Temperature of culture solutions 0.75 =t 0.05®C. 
and 18.5 =fc 0.5®C. The specific conductivities of the expressed sap followed directly the 
changes in K and Br. Roots placed in water and pretreated with N 2 gas. 

only to a slight degree when the cells were deprived of oxygen, but entry 
was rapid when the cells were adequately aerated. When CO 2 was passed 
through the culture solution, the absorption curves for K and Br were similar 
to those for N 2 gas (Figs. 3 a and 36). Further, it is apparent from the data 
of Table I, Experiment 3, that the suppression of entry of KBr into the cells 
even with an inward concentration gradient, under aerobic, cyanide treat- 
ment, was likewise similar to the anaerobic effect obtained when oxygen was 
withheld (N 2 gas treatment). Incidentally, attention may be called to the 
relative rates of aerobic accumulation of potassium and bromide ions (Fig. 3 a). 
As frequently happens in the early stages of salt absorption by roots of high 
absorbing capacity, potassium ions were absorbed more rapidly than the 
associated anions. This involves ion exchanges which have been discussed 
elsewhere." 

" Broyer, T. C., and Overstreet, R., Am. J. Bot.^ 1940, 27, 425. 
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Fig. 3fl. Effects of air and N 2 on the absorption of K and Br by excised barley 
roots, under conditions of an inward concentration gradient. 



Fig. 3b 

Fig. 3 b. Effects of air and N 2 on the absorption of K and Br by excised barley 
roots, under conditions of an inward concentration gradient, as measured by electrical 
conductivity. 

Figs. 3a and 3 b. Barley grown from June 23 to July 15 (22 days). Temperature 
of culture solutions 22.0 db 0.5®C. Nitrogen gas purified through pyrogallol. Roots 
placed in water and pretreated with N 2 gas. Roots in 48 hour aerated condition 
were slightly flaccid at time of removal; roots of all other sets were turgid. Compare 
Fig. 2, which data are from a similar experiment. 

Under an anaerobic environment the roots may lose to distilled water a 
small amount of potassium. This does not occur to a significant degree under 
an aerobic environment, as long as cells remain in healthy condition. The 
outward movement of ions under anaerobiosis, over limited experimental 
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periods, is nevertheless slight in comparison with the loss from markedly 
injured cells, and sometimes it is not certain that any net efflux occurs. When 
it does, it is still possible that some, if not all, of the loss may have originated 
in senescent cells, breaking down more rapidly because of oxygen deficiency. 
Conceivably many of the cells retain their solutes completely for a considerable 
period even though they are unable to accumulate more solutes. Undoubt- 
edly over a long period of time oxygen is essential to maintain barley root cells 
in a state enabling them to retain their solutes, but they can maintain without 
oxygen supply a salt concentration higher inside than outside for 48 hours 
or more. 

The data already discussed raise various questions of permeability, in the 
restricted sense of the term, versus active transport of salt or ions. The 
extensive work of Blinks^^ on Halicystis cells requires attention in this con- 
nection. He studied the effects of oxygen on bioelectric potentials and in 
relation to ionic discrimination by the protoplasm. The effects of oxygen 
deprivation of sufficient degree in decreasing or abolishing the normally main- 
tained bioelectrical potential, were very striking. Over a considerable period 
of time, the effects were reversible. This investigator also measured elec- 
trical resistance across the protoplasm (by a direct current method) of cells 
supplied with oxygen in comparison with cells deprived of oxygen. The 
resistance was found to be far greater for the cells deprived of oxygen. These 
observations were interpreted in terms of decrease in permeability of some 
protoplasmic surface or decrease of mobility of ions in the protoplasm in 
general, when aerobic metabolism is abolished. 

The data we have cited on root tissues could likewise be considered as 
indicating a greatly decreased cell permeability as a consequence of anaero- 
biosis, or of the action of respiratory poisons like cyanide. On the other 
hand, at least as far as the root experiments are concerned, one may conceive 
that a pumping mechanism is made inoperative when some component of 
the aerobic respiratory system fails under oxygen deficit, or when an inhibitor 
of aerobic respiration is in action. In other words, the cells may be relatively 
impermeable, at least at the vacuolar membrane, under these circumstances 
(until protoplasmic breakdown occurs) as well as when active aerobic metabo- 
lism is taking place, but the latter process permits the solute to be actively 
secreted, as a net effect, into the vacuole. There would still remain for elucida- 
tion the ionic exchanges that can take place, especially when anions are 
involved. (Compare early observations on Br-Cl exchanges in Nitdla.^) On 
this point it may be noted, however, that certain experiments on roots with 

Blinks, L. R., Darsie, M. L., Jr., and Skow, R. K., /. Gen. Physiol.^ 1938, 22, 

255. 

'*Hoagland, D. R., Hibbard, P. L., and Davis, A. R., J. Gen. Physiol.^ 1926, 

10 , 121 . 
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radioactive bromide indicate that while considerable exchange of radioactive 
for non-radioactive bromide ions can occur, aerobically, (data on anaerobic 
conditions are not completed) at the same time the net inward movement of 
bromide greatly surpasses the exchange of ions. 

Collander“ has shown in experiments on Chara and Tolypdlopsis cells that 
the exchange of cations between sap and solution is extremely slow and he 
believes that this means a high degree of impermeability in the protoplasm 
or its membranes. Overstreet and Broyer^^ have published data on root cells 
indicating that only about 10 per cent of the potassium present in the cells 
is readily exchangeable in experiments with isotopes. It is not certain that 
even this limited exchange occurs between vacuole and solution. About 10 
per cent of the potassium is not recoverable in composite expressed sap.^* 

One rather crude concept would be that the salt or its ions are forced into 
the vacuole, although membrane properties prevent them from readily diffusing 
out into distilled water. Another concept is that of a dynamic system in 
which the salt or ions of the salt are actively transported to the vacuole 
and the solutes moving outward are carried back, except as certain ionic 
exchanges meanwhile take place. ^ We are, of course, aware that these specula- 
tive views imply merely that the mechanism of salt accumulation remains an 
unsolved problem. In any event, the system of the higher plant as a whole 
involves other complications. Salt previously accumulated in root cells may 
be removed inward and then be carried upward to be accumulated by cells of 
the shoot. This polarized movement out of root cells also requires much 
further investigation. (Compare Crafts and Broyer.^®) 

Experiments on Nitella Cells 

Additional light on some of the problems of salt accumulation comes from 
* recent experiments on Nitella cells in which radioactive isotopes were employed. 
Brooks®® was the first to apply this technique to Nitella cells. A rough separa- 
tion of cell sap, protoplasm, and cell wall was made. Brooks found that 
radioactive rubidium entered the protoplasm rapidly, although subsequent 
movement into the vacuole was very slow under the conditions of his experi- 
ments. The metabolic activity and capacity for accumulating additional total 
salt are at a far lower rate level in Nitella than in roots of the type referred to 
in this article. We have recently conducted other experiments on Nitella 
with radioactive isotopes, to supplement as directly as possible the experi- 
ments on roots and to carry further early studies on Nitdla in this laboratory.®^ 

Collander, R., Protoplasina^ 1939, 33, 215. 

Overstreet, R., and Broycr, T. C., Proc, Nat, Acad, Sc,, 1940, 26, 16. 

Broyer, T. C., and Hoagland, D. R., Am, J, Bot,, 1940, 27, 501. 

Crafts, A. S., and Broyer, T. C., Am, J , Bot,, 1938, 26, 529. 

®® Brooks, S. C., /. Cell, and Comp. Physiol., 1938, 11, 247. 

®i Hoagland, D. R., and Davis, A. R., Protoplasma, 1929, 6, 610. 
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Niiella cells were grown in pond water. Nodal cells and the terminal bud were 
removed (in Experiments 1 and 2 to be cited) from the main axis of the thallus. The 
large intemodal cells were replaced into vessels containing pond water to allow them to 
reestablish equilibrium with their normal environment. These filaments (or in 
Experiment 3, untreated group of cells) were placed into solutions containing radio- 
active salt and subjected to either continuous light or darkness, with air or N 2 gas 
continuously passed through the bathing medium. The light intensity, when applied, 
was 200 watts (daylight, fluorescent lamps) at approximately 2 feet. Large inter- 
nodal cells were individually broken and the vacuolar sap collected. This was centri- 
fuged and an aliquot of the clear supernatant sap counted for its radioactivity. After 
removing the sap, the residues from the debranched filaments, including protoplasm 
and cell walls (Brooks has shown the latter to possess little or no capacity for ac- 
cumulation) were dried and leached to volume, with hot acidulated water, to remove 
the radioactive ions sought. Counts on aliquots of the filtered leach were con- 
verted for tabular comparison to activity per milliliter of residual sap, based on the 
loss in weight on dr>’ing the residue. 

We shall refer here only to several experiments with radioactive rubidium or 
bromide ions. The data now at hand give evidence in accordance with the 
conclusion of Brooks, that at first there is an accumulation of the radioactive 
ions in the protoplasm, but the present data suggest continued movement of 
the ions into the vacuole (Table V, Experiment 1) until in course of time the 
concentration in the vacuole (at least for Br) exceeds that in the protoplasm 
(Table V, Experiment 2). If this latter relation can be substantiated, “ it 
would imply a secretory process, operating from protoplasm to vacuole. 
Under an aerobic condition, the radioactive ions accumulated in the vacuole 
to a definitely higher concentration than that in the external solution, but this 
concentrating effect did not appear under an anaerobic condition, which was 
attained by placing cells in the dark with N 2 gas passed through the solution 
(Table V, Experiment 3). Cells in the light, of course, produce oxygen and can 
accumulate salt, even if no air is passed through the solution, although there is a 
suggestion from one experiment that aerated cells in the light have the greatest 
activity for the inward movement of salt. Preliminary data by Blinks^* 
further suggest that entry of ions into the vacuoles of Halicystis cells is in- 
fluenced by oxygen supply. In an aerobic environment radioactive rubidium 
entered the cells until vacuolar sap concentration finally exceeded protoplasmic 
concentration. 

Some of the evidence on NUella cells from the work of Brooks and others 

At present it is not possible to evaluate the errors resulting from contamination 
of cell residue by external solution or vacuolar sap. Contamination would also be 
present if attempts were made to remove protoplasm according to the technique of 
Brooks. 

** Private communication. 
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may mean that the vacuolar membrane has but very slight p>ermeability. 
Nevertheless, by the pump-like action, additional increments of salt may move 
into the vacuole under sufficiently favorable metabolic conditions. We believe 
that movement of this kind is particularly fast in actively metabolizing root 
ceUs. Certainly if the root system as a whole is considered, very rapid accumu- 


TABLE V 

Absorption of Rb* and Br* Ions by Nitella 



Br* in counts per min. 
per ml. 

Br* ratios in counts per 
min. per ml. 

Spec. cond. in 
mhos X 10-> 

Experimental conditions 

Sap 

Ex- 

ternal 

solution 

Vacuole 

Vacuole 

Residue 


Ex- 

ternal 

solution 


Vacuole 

Residue 

Residue 

Ex- 

ternal 

solution 

Ex- 

ternal 

solution 

Vacuo- 
lar sap 

Experiment 1 









Rb*Cl aerated, light 1 day 

82 

417 

33 

0.2 

2.5 

12.6 



Rb*Cl aerated, light 10 days. 

400 

545 

33 

0.7 

12.1 

16.5 



Experiment 2 









Control cells (initial status)... 







6.9 


KBr* aerated, light 23 hrs. . , 

5180 

3840 

280 

1.4 

19 

14 

8.9 

0.2 

KBr* aerated, light 71 hrs. . 

12000 

6750 

280 

1.8 

43 

24 

10.4 

0.2 

Experiment 3 









Rb*Cl, aerated, light 

74 


30 



2.5 




Rb*Cl, N 2 gas, dark 

23 

— 

24 


0.7 











Exi)eriment 1: Nitella cells from pond water. Nodal cells and terminal buds removed 
from cells of main axis of thallus. Only these latter cells were used in the absorption studies. 
The experimental external solution was Rb*Cl 1.0 milliequi valent per liter. 

Experiment 2: Nitella cells from pond water. Nodal cells and terminal buds removed 
from cells of main axis of thallus. Only these latter cells were used in the absorption studies. 
The experimental external solution was KBr* 1.18 milliequivalents per liter. 

Experiment 3: Nitella cells from pond water. A composite group of cells was used during 
the absorption period. Vacuolar sap was obtained from large cells of the composite sample. 
The experimental external solution was Rb*Cl 5 milliequivalents per liter. 

lation of salt in the root exudate can take place. Within less than half an 
hour mobile ions can be transferred to the exudate in concentrations higher 
than those of the solution from which absorption takes place. 

Studies on Fluids Obtained by Suction from Tomato Roots 

Another way of attacking the general problem will now be considered. 
Sturdy young tomato plants were decapitated several inches above the junction 
of stem and root and by attaching a tube to the cut stem, suction was applied 
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Fig. 4a. Effects of differential gas treatments on the concentration of bromide 
ions in exudates from decapitated tomato plants. 

Fig. 4 ft. Effects of differential gas treatments on the rate of exudation by de- 
capitated tomato plants. 

Figs. 4 a and 4 ft. Tomato plants grown with aeration in a culture solution of the 
following composition: 

KNOa 0.0025 m 

Ca(N 03)2 0.0025 m 

MgS04 0.001 M 

KH 2 PO 4 0.0005 m 

Fe as iron tartrate; 1 ml. of 0.5 per cent solution per liter of culture 
solution. 

Micronutrients as required. 

Growth period from Oct. 10 to Nov. 26 (47 days). Experimental culture solution 
5 milliequivalents per liter. Gases were continuously passed through the solutions. 
All roots were aerated until 6 P.M. Differential gas treatments of air, N 2 and CO 2 
were then applied. Suction equal to 740 mm. Hg was continuously applied (except 
during observations on volume of exudate and during removal of increments of exuded 
fluid) throughout the experiment. At the termination of the experiment the abilities 
of the plants to develop an exudation pressure (as a measure of the state of the root 
systems) were noted. The following results were obtained: aerated cultures, appreci- 
able and maintained exudation pressure; N 2 treated cultures, a weak yet maintained 
pressure; CO 2 treated cultures, no exudation pressure over an extended interval of 
time. The roots in the CO 2 treated culture were flaccid at the termination of suction 
exudation. 


and the fluid obtained examined under various conditions in the root environ- 
ment. This is essentially the method described by Kramer.** 

The results of one experiment are presented in two graphs (Figs. 4 a 


** Kramer, P. J., Am. J. BoL, 1940, 27, 216. 
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and 4 b). The first sections of the curves represent data obtained on fluid 
recovered in the period during which air was {passed through the solution in 
contact with the roots. Then one plant continued to receive aeration, one 
was subjected to nitrogen gas, and one to carbon dioxide gas. In the two 
latter cases, an abrupt downward trend in the concentration curves for bromide 
is evident (Fig. 4 a). The concentration of this ion in the recovered fluid 
became much lower than that of the external solution, whereas during the 
aerobic period it was much higher. There followed an upward trend in the 
CO 2 curve until the concentration of bromide attained approximate equality 
with that of the solution. The upward trend of the N 2 curve, within the time 
period of the experiment, was less marked and the concentration of bromide 
in the fluid recovered by suction remained lower than that of the external 
solution. The other figure (Fig. 4 b) represents volumes of solution recovered 
over various time intervals (compare Kramer). Similar trends in the curves 
for the several treatments are observable. The injurious effect of the CO 2 
treatment was manifest in the latter stages of the experiment, but in the nitro- 
gen-treated plants similar effects were much less apparent. 

The most obvious interpretation of these experimental results is that the 
effects of N 2 and CO 2 cause initially a decrease in root permeability to inorganic 
solutes and to water, and also in power to accumulate solutes; followed by a 
protoplasmic breakdown with increase of permeability, without power of solute 
accumulation on the part of the cells. 

DISCUSSION 

If all the various lines of evidence are brought together, the general picture 
would seem to be that permeability, metabolism, and accumulation of salt 
are so intimately interrelated that generally it becomes impossible to disen- 
tangle the several aspects of the phenomena. Blinks has emphasized, on the 
basis of his bioelectric measurements on Halicystis cells that permeability and 
metabolism may be connected through the relation of metabolism to the for- 
mation and maintenance of protoplasmic membranes. As we have already 
pointed out, in the root systems of plants there are still other reactions to 
explain in the polarized movement of ions out of the root cells. As the subject 
develops and the results of new types of experiments become available, the 
general conclusion is reinforced that the absorption and movement of ions in 
the plant, in nearly all their aspects, require an increasing understanding of 
the metabolism of plant cells. The limitations of many earlier experiments on 
permeability of cells in their application to problems of plant nutrition become 
clear. It has seemed especially appropriate to submit this brief discussion on 
accumulation of inorganic solutes and permeability in plant cells for publica- 
tion in a volume dedicated to Dr. Osterhout, who has for so many years con- 
tributed to this field of inquiry. The article has been prepared with the 
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hope that the data presented may serve a purpose as an aid to stimulating 
further discussion of the problems of plants absorbing their inorganic nutrients 
from dilute media. 


SUMMARY 

1. Comparisons are made of concentrations of K and Br in exudates of 
barley roots and in expressed sap from roots, under conditions favorable for 
aerobic metabolism. Both methods lead to the same general viewpoint con- 
cerning metabolically governed transport of solutes by living plant cells. 

2. Cyanide in low concentration prevented salt accumulation by barley 
roots. Methylene blue, without decrease of CO 2 production by roots, 
destroyed power of salt accumulation. 

3. K and Br ions entered roots to only a slight extent under an anaerobic 
condition, even with an inward gradient of ionic concentration. 

4. Lactate or alcohol, under aerobic conditions, did not prevent rapid accu- 
mulation of salt by root cells. 

5. Experiments on fluids obtained by suction from tomato roots gave evi- 
dence of loss of salt-accumulating power under the influence of N 2 gas or CO 2 
gas, together with probable effects on cell permeability. 

6. Several experiments on Nitella cells in which radioactive isotopes were 
used are reported. Bromide gradually moved into vacuolar sap until the con- 
centration appeared to exceed that of the protoplasm, on the basis of the 
results of the several types of experiments. Accumulation of salt in the 
vacuole did not occur anaerobically. 

7. Some views of interrelations of permeability, salt accumulation, and me- 
tabolism are suggested for further discussion. 
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One of the major mysteries surrounding viruses is their manner of reproduc- 
tion or growth. Despite the fact that the introduction of one unit of a virus 
within a living cell of a susceptible host is followed by the production of mil- 
lions of virus units, practically nothing is known concerning the reproductive 
process. It is not known whether subsequent generations of virus are produced 
by some catalytic process in which none of the substance of the inoculum is 
incorporated into subsequently produced virus, or by a process similar to that 
involved in the growth of organisms in which a portion of the substance of the 
parent is transferred to the progeny, or by means of some new and unknown 
process. This problem is one of considerable importance, for it is related di- 
rectly to the fundamental nature of viruses. It seemed possible that the prepa- 
ration and isolation of tobacco mosaic virus containing radioactive phosphorus, 
the inoculation of plants with virus marked by radioactivity, and the deter- 
mination of the distribution of the radioactivity in the diseased plants follow- 
ing extensive multiplication of virus should provide some measure of informa- 
tion concerning the process of virus reproduction. If, following the inocula- 
tion of the marked virus, radioactivity should be demonstrable in portions of 
the plant other than in the inoculated leaves, it might provide a basis for assum- 
ing tha t reproduction by fission had occurred. If, on the other hand, all of 
the radioactivity in the inoculum could be recovered from the inoculated leaves, 
the result might be interpreted to mean that reproduction had followed some 
catalytic process. 

There is evidence that tobacco mosaic virus in mosaic-diseased plants acts 
as a foreign protein in that it does not appear to enter into catabolic processes 
and cannot be utilized in the synthesis of normal plant proteins (1, 2). It 
seemed possible, therefore, that theoretical objections to the method of ap- 
proach outlined above, based on the known lability in vivo of components of 
proteins (3), might not necessarily prove valid in the present case. Although 
rapid movement of virus within plant stems has been noted (4), it is possible 
that a given unit of virus usually remains localized and does not move from 
place to place. Despite the number of theoretical and experimental difficul- 
ties, including those just mentioned and those discussed by Amon, Stout, and 
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Sipos (5), it appeared worthwhile to perform a few experiments in an attempt 
to determine the feasibility of this general method of approach to the question 
of the nature of virus reproduction. 

In the present study, both normal and mosaic-diseased Turkish tobacco 
plants were fed a nutrient solution containing radioactive phosphorus and, 
after suitable periods of time, the distribution of radioactivity was determined 
in each set of plants. The tobacco mosaic virus which was present in the 
diseased plants was isolated and found to contain radioactive phosphorus. 
After purification, this virus was used as an inoculum for normal Turkish 
tobacco plants and the distribution of radioactivity and virus in inoculated 
and uninoculated portions of these plants was determined after 12 days. 
Although virus containing radioactive phosphorus was isolated from uninocu- 
lated portions of the plants, the results must be regarded as inconclusive because 
of reasons to be discussed later. 


EXPERIMENTAL 

The author is greatly indebted to Dr. John Lawrence and the Staff of the 
Radiation Laboratory of the University of California for the radioactive phos- 
phorus that was used in the present experiments. The author also wishes to 
thank Dr. Robert Wilson and Mr. Ernest Frank of Princeton University for 
testing the samples obtained in the present work for radioactivity. These 
tests were made by placing each of the dried samples a given distance from 
a Lauritsen type electroscope or from the tube of a Geiger-Muller counter (5, 6). 

A preliminary experiment was made in order to provide information re- 
garding the nature and the rapidity of absorption of radioactive phosphorus 
by mosaic-diseased Turkish tobacco plants. A solution containing 51 mg. of 
disodium phosphate and 0.25 millicuries of radioactivity was added to 4 pots 
containing medium-sized mosaic-diseased Turkish tobacco plants which had 
been grown in sand and fed with a complete nutrient solution as described by 
Spencer (1). After 48 hours, the plants were removed, their roots well washed, 
and the entire plants frozen. The wash water from the roots and washings 
from the sand were combined and evaporated to dryness. The frozen plants 
were macerated and the virus was isolated by ultracentrifugation according 
to the method customarily employed in this laboratory (7). The various 
fractions into which the radioactivity might have been partitioned, namely, 
the washings from the sand and roots, the mash or press cake, the supernatant 
liquid obtained on ultracentrifugation, and the isolated virus, were then 
incinerated and on being tested were found to contain radioactivity in the 
ratios of 60, 12.7, 26, and 1.3, respectively. Thus, the major portion of the 
radioactive phosphorus which had been made available to the mosaic-diseased 
plants had not been taken up by the plants during the 48 hour period, and of 
that absorbed only 3.2 per cent was incorporated in the virus protein. It 
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seemed likely, therefore, that, in order to secure virus pK)ssessing a reasonable 
amount of radioactivity, it would be necessary to feed radioactive phosphorus 
to mosaic-diseased plants over a considerable period of time. 

In the next experiment, 12 seedling Turkish tobacco plants were started 
in sand and 12 days later 6 of the plants were inoculated with tobacco mosaic 
virus. Then each of 3 normal and 3 diseased plants from this group was fed 
SO ml, of a nutrient solution prepared by adding 330 mg. of disodium phos- 
phate containing 7 millicuries of radioactivity to 20 liters of the complete 
nutrient solution described by Spencer (1). The remaining diseased and 
normal plants were fed a nutrient solution prepared by adding 330 mg. of 
ordinary disodium phosphate to 20 liters of the complete nutrient solution. 
The nutrient solutions were added daily in amounts which were increased 
from SO to 200 ml. per plant, so that during the 30 day feeding period ap- 
proximately the same amount of radioactive phosphorus was added each day. 

Following the feeding period, the 4 sets of plants were watered freely with 
tap water for 20 days. Some idea of the distribution of radioactivity after 
different periods of time may be gained from the contact ‘‘radiographs** 
shown in Figs. 1 and 2. These were prepared by the technique described by 
Amon, Stout, and Sipos (S), except that the leaves were not detached from 
the plants and an exposure period of about 12 hours was used. It may be 
seen that there was considerable radioactivity dispersed throughout both 
normal and diseased leaves at the end of 1 week and that there does not 
appear to be much difference in appearance between the radiographs of the 
normal leaves and those of the diseased leaves. Most of the radioactivity 
appears to have been distributed in the major veins of the leaves. Although 
the light green areas of diseased leaves are known to contain much more virus 
than the dark green areas (8), there does not appear to have been a concen- 
tration of radioactivity in the light green areas. Because of the high con- 
centration of virus nucleoprotein known to exist in diseased leaves (7), it 
might be expected that such leaves would contain more phorphorus than nor- 
mal leaves. However, when leaves were removed from each of the 4 sets of 
plants described above and dried at 110°, the dried leaves from normal plants 
fed radioactive and ordinary phosphorus were found to contain 0.94 and 0.78 
per cent, respectively, of phosphorus, whereas the corresponding diseased 
leaves were found to contain 0.91 and 0.78 per cent, respectively. Compa- 
rable results were obtained with similar sets of plants as well as with plants 
grown in soil. It is obvious that there is no significant difference between the 
total phosphorus contents of normal and of mosaic-diseased Turkish tobacco 

leaves. 

At the end of 50 days, the 4 sets of plants were cut, weired, and pla(^ 
in a room held at -12®. The sets of normal plants fed ordinary and radio- 
active phosphorus weighed 590 gm. and 621 gm., respectively, whereas the 
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corresponding sets of diseased plants weighed 430 gm. and 385 gm., respec- 
tively. The roots, sand, and pots from the 2 sets of plants fed radioactive 
phosphorus were well washed and the wash waters concentrated and saved. 
The virus present in the diseased plants which had been fed with radioactive 
phosphorus was then isolated by means of differential centrifugation. The 
water-insoluble material which was obtained on ultracentrifugation was added 
to the mash or press cake. The supernatant liquids which were obtained 

TABLE I 


Distribution of Radioactivity in Normal and Tobacco Mosaic-Diseased Plants* 


EzDeriment No. 

Virus 

Supernatant liquids from 
first 3 ultracentrifugations 

Supernatant 
liquid from 
4th ultra- 
centrifuga- 
tion 

Press cake 
plus insoluble 
material from 
ultra- 
centrifuga- 
tion 

Wash of 
sand and 
roots 

Protein 

Non-protein 

It 

12.3 

14.6 

27.0 

0 

21.7 

24.4 

(diseased) 







2$ 

20.7 

7.2 

20.3 

0 

21.0 

30.8 

(diseased) 







2§ 


17.6 

27.2 


29.6 

25.6 

(normal) 








* The radioactivity was measured by means of a Lauritscn type electroscope. In some 
cases readings were also made by means of a Geiger-MUllcr counter. The numbers represent 
the per cent of radioactivity found in the various fractions obtained from a given set of plants. 

t In this experiment the virus fraction was dried from the frozen state and tested. All 
other fractions were incinerated and tested. 

§ In this experiment, preliminary tests were made on fractions prepared as in Experiment 1. 
However, the numbers given refer to tests made on the fractions following precipitation of 
phosphorus by ammonium molybdate. This was done to reduce self-absorption due to* the 
great bulk of some of the samples. Nevertheless, for reasons unknown, the radioactivity* 
estimated to have been recovered was only about one-fifth the amount that w^as estimated 
to have been present based on the known rate of disintegration of radioactive phosphorus. 
The virus isolated was estimated to contain about 3 microcuries of radioactivity. 

from the first 3 ultracentrifugations were combined and divided into protein 
and protein-free fractions by means of precipitation of protein with hot 5 
per cent trichloracetic acid. These latter fractions, together with the maah 
or press cake, the wash water from the sand and roots, and the supernatant 
liquid from the 4th ultracentrifugation, were each dried and incinerated. The 
620 mg. of purified virus obtained from the plants fed radioactive phosphorus 
were prepared for analysis by simply freezing and drying. The various 
fractions were then examined for radioactivity by means of a Lauritsen type 
electroscope. The results which were obtained are summarized under Ex- 
periment 1 in Table 1. It may be seen that 12.3 per cent of the total radio- 
activity which was recovered was associated With the virus. The fact that 
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the sui^matant liquid from the 4th ultracentrifugation was found to be devoid 
of radioactivity, whereas radioactive phosphorus in the form of disodium 
phosphate may be separated readily from the virus, is good evidence that the 
radioactive phosphorus is integrally bound to the virus, presumably in the 
nucleic acid portion of the molecule. 

A second experiment similar to the one just described was next carried out, 
except that a total of 450 mg. of disodium phosphate containing 11.4 milli- 
curies of radioactivity was used and the feeding period was extended to 40 
days, following which the plants were removed and frozen. The sets of normal 
plants fed ordinary and radioactive phosphorus weighed 403 gm. and 393 gm., 
respectively, whereas the corresponding sets of diseased plants weighed 222 
gm. and 213 gm., respectively. The yield of purified virus from the 3 diseased 
plants fed radioactive phosphorus was 740 mg. and that from the plants fed 
ordinary phosphorus was 610 mg. In this experiment one-half of the purified 
virus containing radioactive phosphorus, together with the remaining frac- 
tions from both normal and diseased plants fed radioactive phosphorus, was 
incinerated. These preparations were then tested for radioactivity. In order 
to reduce inaccuracies in the tests due to self-absorption in the bulkier samples, 
all preparations were then taken into solution and the phosphorus was precipi- 
tated as phosphomolybdate. The phosphomolybdate precipitates were in- 
cinerated and tested for radioactivity. Following this treatment, the ac- 
tivities of the virus and of the two mash samples were approximately doubled, 
those of the protein components of the supernatant fluids were increased by 
about 20 per cent, and those of the remaining samples were essentially un- 
changed. The activities recorded in Table I for Experiment 2 are for the phos- 
phomolybdate precipitates and probably provide a more accurate picture 
of the distribution of phosphorus than the values recorded for Experiment 1. 
It may be seen that 70 to 75 per cent of the radioactivity was found in the 
normal and diseased plants, and of that in the diseased plants about 30 per 
cent was in the virus. The supernatant fluid obtained on ultracentrifugation 
of the juice from normal plants contained more radioactivity than the cor- 
responding fraction from the diseased plants. As in the previous experiment, 
the supernatant liquid from the 4th ultracentrifugation of the virus possessed 
no measurable amount of radioactivity. The experiments demonstrate that 
it is possible to secure purified tobacco mosaic virus containing considerable 
radioactivity. 

In an effort to learn something of the distribution of radioactivity following 
inoculation of virus containing radioactive phosphorus, the lower leaves of 
9 medium-sized normal Turkish tobacco plants were thoroughly rubbed by 
means of a bandage gauze pad with 15 ml. of a solution containing 58 mg. of 
the radioactive virus in 0.1 m phosphate buffer at pH 7. The plants were 
watered as usual and after 12 days the inoculated leaves were removed and 
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frozen. The upper uninoculated portions of the plants were also removed 
and frozen. The two portions were macerated and the virus was isolated 
from each by ultracentrifugation. The supernatant liquids obtained on ultra- 
centrifugation as well as all insoluble material were added to the respective 
press cakes and these were incinerated, taken into solution, and the phosphorus 
precipitated as the phosphomolybdate. The 316 mg. of purified virus from 
the inoculated leaves, as well as the 204 mg. of virus from the uninoculated 
portions of the plants, were also incinerated and the phosphorus precipitated 
as the phosphomolybdate. Following ignition, the 4 samples were tested for 
radioactivity, and the results which were obtained are presented in Table II. 
It may be seen that most of the radioactivity was found to be associated with 
non-virus components, of which about 40 per cent was in the inoculated and 
about 60 per cent in the uninoculated pK)rtions of the plants. A small but 


TABLE II 

Distribution of Radioactivity in Turkish Tobacco Plants 12 Days following Inoculation of Lower 
Leaves with 58 Mg. of Radioactive Tobacco Mosaic Virus* 


Virus isolated from inoculated leaves 

All material of inoculated leaves except virus. . 
Virus isolated from upper uninoculated leaves. . 
All material of uninoculated leaves except virus 


8.3 

33.4 
5.8 

52.5 


* The radioactivity was measured by means of a Geiger-MUller counter. The numbers 
represent the per cent of radioactivity found in the various fractions of the plants. The 
tests were made on the incinerated phosphomolybdate precipitates obtained from the various 
fractions. The radioactivity recovered represents 70 per cent of the 0.2 microcurie of radio- 
activity that was applied in the form of virus. 


significant amount of radioactivity was found in virus isolated from the un- 
inoculated portions of the plants. However, the fact that most of the radio- 
activity was found in the non-virus portion of the uninoculated parts of the 
plants and much radioactivity in the similar portions of the inoculated leaves 
proves that most of the radioactivity applied in the form of virus was converted 
into a non-virus form. Therefore, the isolation of radioactive virus from the 
uninoculated portions of the plants has no significance, for it could have been 
produced from radioactive phosphorus absorbed and transported in a non- 
virus form. Since it is likely that only a small portion of the virus in the 
inoculum was actually introduced within the cells as virus (7), it would follow 
that most of the radioactive phosphorus was actually absorbed later in the 
form of disintegration products of virus presumably formed on the surface 
of the leaves. It was determined that about 70 per cent of the radioactivity 
applied in the form of virus was actually isolated in the 4 fractions; hence, 
there was little loss due to washing of virus or of disintegration products from 
the leaves in the 12 day period during which the plants were watered. 
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It appeared desirable to determine the extent to which virus can be removed 
from inoculated leaves by means of vigorous washing immediately following 
inoculation. Accordingly, all of the leaves of 2 sets of 7 plants each of normal 
medium-sized Turkish tobacco plants were inoculated with two 16 ml. por- 
tions of 0.1 M phosphate buffer at pH 7 containing 4 mg. of ordinary tobacco 
mosaic virus per ml. The leaves of one set of plants were then removed and 
each leaf was well washed in a running stream of tap water. The leaves of 
the other set of plants were also removed and both sets of leaves were placed 
in a room held at —12° within § hour of the start of the experiment. After 
standing for 2 days at —12°, the frozen leaves were macerated and the virus 
was isolated by differential centrifugation. The actual yield of virus from 
the unwashed leaves was 45 mg. or 70 per cent of the virus applied to the 
leaves. The actual yield of virus from the washed leaves was 27 mg. or 42 
per cent of that applied to the leaves. These results indicate, in view of the 
losses known to occur during the purification of such small amounts of virus, 
that practically all of the virus applied was retained either on or within the 
unwashed leaves and that well over 50 per cent of the virus applied was re- 
tained in the case of the washed leaves. The fact that it is difficult to dif- 
ferentiate between radioactive phosphorus accepted in the form of virus and 
that absorbed in the form of virus disintegration products and the lack of 
information concerning the extent of the multiplication of virus immediately 
following inoculation make it exceedingly hazardous to attempt to determine 
the manner of virus reproduction by means of virus labeled with radioactive 
phosphorus. 


DISCUSSION 

When mosaic-diseased Turkish tobacco plants were fed a nutrient solution 
containing radioactive phosphorus in the form of disodium phosphate over a 
period of several weeks, about 30 per cent of the radioactive phosphorus taken 
up by the plants was isolated in the form of purified tobacco mosaic virus. 
The fact that the radioactive phosphorus was not separated from the virus 
on ultracentrifugation is an indication that it was integrally bound, presum- 
ably in the nucleic acid component of the virus. This result is in accord with 
that described in a preliminary paper by Bom and coworkers (9), who noted 
that ordinary tobacco mosaic virus absorbed only an insignificant amount of 
radioactivity when allowed to stand for several days in a solution of sodium 
phosphate containing radioactive phosphorus. In the present work the pro- 
portion of radioactive phosphorus associated with the virus was considerably 
greater than that described by Born and coworkers, who found about 87 per 
cent of the radioactivity in the press cake and sediment of chloroplasts and 
only about 2.1 per cent with the purified virus. 

The preparation and isolation of tobacco mosaic vims possessing high radio- 
activity made it possible to determine the distribution of radioactivity follow- 



888 


RADIOACTIVE TOBACCO MOSAIC VIRUS 


ing the inoculation of such virus to normal Turkish tobacco plants. Unfor- 
tunately, in this experiment most of the radioactivity was found to be 
associated with non- virus components in both inoculated and uninoculated por- 
tions of the plants; hence, it was impossible to be certain that the small amount 
of radioactive virus found in the uninoculated portions of the plants arose as 
a result of actual movement of inoculated virus. If, as has been generally 
assumed, only a very small part of virus applied to the surface of a leaf ac- 
tually enters the cells of the leaf in the form of active virus, it would follow 
that most of the radioactive phosphorus taken up by the plants in this experi- 
ment was absorbed in a non-virus form. It seems likely that it will be ex- 
ceedingly difficult to distinguish between radioactive phosphorus taken up 
by the plant in the form of virus and that taken up in the form of virus dis- 
integration products. The present work indicates that there are major 
diflGiculties involved in the use of tobacco mosaic virus containing radioactive 
phosphorus as a means for determining the nature of virus reproduction. 

The experiments described were conducted with the assistance of Mr. 
Marshall Barbour. 


SUMMARY 

Normal and tobacco mosaic-diseased Turkish tobacco plants were grown 
in sand for a period of several weeks, during which they were fed daily a com- 
plete nutrient solution to which had been added disodium phosphate con- 
taining radioactive phosphorus. Determinations were made of the distribu- 
tion of radioactive phosphorus in different fractions such as the wash from the 
sand and roots, the press cake obtained on pressing the juice from the plants, 
the protein and protein-free portions of the supernatant liquids obtained on 
ultracentrifugation of the juices, and the purified tobacco mosaic virus iso- 
lated from the diseased plants. Chemical analyses as well as radiographs of 
the normal and diseased leaves indicated that they contained the same amount 
of phosphorus. Approximately 30 per cent of the radioactive phosphorus 
absorbed by the diseased plants was found to be combined with the purified 
tobacco mosaic virus that was isolated from these plants. Following the 
inoculation of purified tobacco mosaic virus possessing high radioactivity to 
normal Turkish tobacco plants, most of the radioactivity was found to be 
associated with non- virus components of which about 40 per cent was in the 
inoculated and 60 per cent in the uninoculated portions of the plants. Al- 
though a small amount of radioactive virus was isolated from the uninoculated 
portions of the plants, it was impossible, because of a number of complicating 
factors which have been discussed, to draw from the results any reliable con- 
clusions regarding the mode of reproduction of tobacco mosaic virus. 



W. M. STANLEY 


889 


BIBLIOGRAPHY 

1. Spencer, E. L., Plant Physiol., 1941, 16, 227. 

2. Takahashi, W. N., Phytopathology, 1941, 31, 1117. 

3. Schc^nhcimer, R., Ratner, S., and Rittenberg, D., J. Biol. Chem., 1939, 130, 703; 

Rittenberg, D., Cold Spring Harbor symposia on quantitative biology. Cold 
Spring Harbor, Long Island Biological Association, 1941, 9 , 283. 

4. Samuel, G., Ann. Applied Biol., 1934, 21, 90. 

5. Arnon, D. I., Stout, P. R., and Sipos, F., Am. J. Bot., 1940, 27, 791. 

6. Seaborg, G. T., Chem. Rev., 1940, 27, 199. 

7. Stanley, W. M., J. Biol. Chem., 1937, 121 , 205. 

8. Holmes, F. 0., Bot. Gaz., 1928, 86 , 66. 

9. Bom, H. J., Lang, A., Schramm, G., and Zimmer, K. G., Natunvissenschaften, 

1941, 29 , 222. 



890 


KADIOACTIVE TOBACCX) MOSAIC VIRUS 


EXPLANATION OF PLATES 
Photographed by J. A. Carlile 

Plate 6 

Fig. 1. Contact radiographs of leaves of normal (a, c, e) and tobacco mosaic-dis- 
eased (bf dff) Turkish tobacco plants 1 (a, b), 2 (c, and 3 («,/) weeks, respectively, 
after the start of a daily application of a nutrient solution containing radioactive 
phosphorus. Although the radioactive phosphorus appears to be well dispersed 
throughout the leaves, the lightest areas, which are indicative of the greatest con- 
centration of radioactivity, conform to the major veins of the leaves. The diseased 
leaves are from plants described in Experiment 1, Table I. 
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PLATE 6 



Plate 7 

Fig. 2. Contact radiographs and photographs of leaves of normal (tf , c) and tobacco 
mosaic-diseased (/), d) 'Purkish tobacco plant 7 weeks after the start of the experiment 
in which a nutrient solution containing radioactive phosphorus was fed for 30 days 
The leaves are from the same plants used for Fig. 1. 
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PLATE / 



Fig. 2 

(Stanley: Radioactive to!)acc() mosaic virus) 




respiratory effects upon the visual threshold 

Bx GEORGE WALD, P. V. HARPER, Jr., H. C. GOODMAN, and H. P. KRIEGER* 
{Prom the Biological Laboratories, Harvard University, Cambridge) 

(Received for publication. May 5, 1942) 

In a completely dark adapted individual the absolute threshold of vision 
remains constant within narrow limits indefinitely. The photochemical sys- 
terns of the receptors are at rest; and this state is not disturbed appreciably 
by the minimal exposures to light needed to determine the threshold. Under 
such circumstances various types of physiological stress cause marked changes 
in threshold which must originate at levels central to the photochemical system 
itself. In this sense the threshold of the dark adapted eye is an indicator of 
central nervous imbalance. 

It has already been shown that lowering the oxygen tension of the inspired 
air to about 10 per cent, while it does not affect the course of visual adaptation, 
raises the threshold 2 to 4 times (Bunge, 1936; McDonald and Adler, 1939; 
McFarland and Forbes, 1940-1941). Lowering the blood sugar with insulin 
has been reported to induce a similar response (McFarland and Forbes, 
1940-41). 

The present paper is concerned with the effects upon the threshold of low 
oxygen tensions, applied gradually or suddenly, and of short and long duration; 
and of changes in the rate of breathing and in the composition of the inspired 
gases. All thresholds have been measured in the periphery of the dark adapted 
eye and involve the function of the rod apparatus alone. 

I 

Apparatus and Methods 

Visual thresholds were measured with an adaptometer which has already been 
described (Wald, Jeghers, and Arminio, 1938). In this instrument the intensity of 
the test field is regulated with a pair of circular neutral wedges, superimposed in 
reverse so as to compensate each other. The full white radiation from a tungsten 
filament lamp was employed. 

The subject faced circular test fields which subtended visual angles of 1® or 2® 
and were centered respectively 13® or 10® below a red fixation star. A shutter con- 
trolled by the subject exposed the field for flashes 1/50 second in duration. The 
fixation point remained on at all times. All observations were monocular, usually 
on alternate eyes. During most experiments each subject wore a pair of spectacles 
in which the lenses had been replaced with thin brass discs pierced with circular 

• This research has been supported in part by a grant to G. W. by the Josiah Macy, 
Jr., Foundation. 
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Openings 1.6 or 2 mm. in diameter. These served as artificial pupils to guard against 
the possibility that any of the recorded changes in threshold were due to fluctuations 
in pupil area. 

' Gas mixtures were prepared in large cylinders, and for short term experiments 
were transferred to a Douglas bag. The subject wore a nose clip and breathed 
through a mouthpiece communicating with a two-way valve, so that only the mix- 
tures could be inhaled and all expired gases escaped into the room. 

II 

Law Oxygen Tensions 

Our first experiments on the effects of low oxygen tensions, performed in 
1937, confirm in general the observations of Bunge, of McDonald and Adler, 
and of McFarland and Forbes. The discussion which follows is restricted 
primarily to aspects of the experiments which amplify and extend these pre- 
vious reports. 

In this series of experiments no attempt was made to regulate the rate or 
depth of breathing with the thought that in this way automatic compensatory 
mechanisms would be given free play to meet the anoxia. A 1® test field was 
used, centered 13® below the fixation point. Artificial pupils were worn in 
some of the experiments; beyond raising the general level of the threshold they 
did not appreciably modify the results. 

Two types of experiment were performed, one in which the anoxia was of 
short duration and began and ended abruptly; and another conducted in a 
gas chamber in which the anoxia was established gradually and maintained 
for a number of hours. 

In the first type of procedure completely dark adapted subjects, breathing 
through a mouth-piece, were switched instantaneously from room air to air- 
nitrogen mixtures containing 8 to 11 per cent oxygen. After 20 to 30 minutes 
the subject was returned abruptly to room air. 

The simplest and most usual type of response to this procedure is shown in 
Fig. 1 A. In almost all cases the threshold rose within 1 to 10 minutes of 
anoxia to new levels 0.2 to 0.5 log unit above normal. In repeated experiments 
with 6 subjects this change averaged 0.35 log unit or a rise of about 2\ times. 
Occasionally after reaching the anoxic level the threshold fluctuated widely, 
rising for short intervals to as much as 0.7 to 1.0 log unit above normal. On 
returning to room air the threshold ordinarily fell within a few minutes to the 
normal level. 

Certain subjects yielded results which departed from this pattern in char- 
acteristic ways. In Subject J. B. the threshold behaved in an orthodox way 
during the anoxia, but on the return to room air it fell rapidly to far below 
the normal level and remained subnormal for 10 to 15 minutes (Fig. 1 B). 
This subject also described vivid visual hallucinations during this period. 




0 to iO 30 40 SO , 60 


Time - minutes 

Fig. 1. Changes in the visual threshold on sudden exposure to and release from 
low oxygen tensions with breathing uncontrolled. Each point represents a single 
measurement of the threshold. In Experiment A artificial pupils were worn; B-D 
were performed with natural pupils. Open circles show measurements on the right 
eye, solid circles those on the left eye. Thresholds in millimicrolamberts 
millilamberts). 
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replacing one another rapidly and with no apparent continuity of subject, 
for as long as 12 to 15 minutes. Subnormal thresholds appeared in 4 and 
hallucinations in 6 out of 7 completed experiments with this subject. The 
hallucinations did not depend therefore on visual h)^rsensitivity; yet when 
both phenomena appeared together they coincided roughly in time. 

Another subject yielded a pattern of threshold changes the mirror image of 
that just described (Fig. 1C). In 2 out of 3 experiments his threshold /cU 
during the anoxia. The records of these experiments contain the significant 
notation, ‘Tuffs very hard; breathes gas up very rapidly.'' In all experi- 
ments with this subject the threshold rose sharply on the return to room air 
and remained for a time well above the normal level. 

These wide variations in response may be ascribed primarily to character- 
istic differences in breathing pattern among the subjects. They did not appear 
in later experiments with 2 subjects in which the rate and depth of breathing 
were controlled. As shown below such supersensitivity as appears in Fig. 1 B 
and 1 C may be produced at will by hyperventilation; and the sequence of 
changes in Fig. 1 C was apparently due to the hyperventilation actually 
observed during the anoxia followed by a period of apnea on the return to 
room air. 

The magnitude of the observed changes seems to represent the limit to 
which the visual threshold can be displaced by these means. It did not vary 
consistently with the oxygen tension between 8 and 11 per cent; nor was the 
rise in threshold obviously related to the distress experienced by the subjects. 
During anoxia subjects frequently reported sensations of dizziness, numbness, 
and cold in the extremities, feelings of restlessness, and flickering “subjective” 
light and color sensations, in no apparent relation with the behavior of the 
threshold. All subjects reported red “subjective” light starting about IS to 
30 seconds after the return to room air and lasting 2 to 3 minutes. One experi- 
ment ended when the subject fainted with his threshold established at a stable 
level 0.27 log unit above the norm (Fig. ID). It may be concluded from 
these observations that the visual threshold reflects only a restricted segment 
of the central nervous changes in anoxia. 

Through the courtesy of Dr. D. B. Dill we were permitted to participate in 
anoxia experiments at the Fatigue Laboratory of Harvard University in 1937. 
These were conducted in a gas chamber in which the air was diluted with 
nitrogen without change in total barometric pressure. Oxygen contents of 
11 to 12 per cent, simulating altitudes of 15,000 to 17,000 feet, were attained 
within 30 to 90 minutes after the first introduction of nitrogen, and were main- 
tained thereafter for about 5 hours. Data from two such experiments, per- 
formed with natural pupils, are shown in Table I and in Figs. 2 and 3. A 
third experiment in which artificial pupils were worn yielded similar results. 

These experiments indicate that the visual threshold rises with the first 
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dilution of oxygen (Fig. 2). The scatter of individual measurements i^ such 
that from 20.9 to about 14 per cent oxygen (10,000 to 11,000 feet) there is 
some overlap of thresholds with the norm; yet the average threshold’ rises 
slowly throughout this interval. As the oxygen is diluted below about 14 
per cent the threshold increases rapidly, in the present subject to a level 
about 0.35 unit or 2J times above normal, at about 11 per cent oxygen (17,000 

TABLE I 


Data of two experiments performed in a gas chamber in which the air was diluted with 
nitrogen at sea level atmospheric pressure. Subject P. V. H. Thresholds in millimicro- 
lamberts (10“* millilamberts). 


Oxygen 

“Alti- 

tude” 

Time 

Average log 
thresnold 

No. of 
readings 
averaged 

Remarks 

Right eye 

Left eye 

cent 

feet 

min. 





20.9 

0 

0 

2.02 

2.03 

12 


18.1 

4000 

3-12 

2.07 

2.07 

5 


16.8 

6000 

18-32 

2.14 

2.09 

5 


16.1 

7000 

33-40 

2.08 

2.09 

4 

Uncomfortable; puffing 

15.6 

7800 

42-53 

2.08 

2.10 

4 


14.0 

10500 

56-67 

2.11 

2.13 

4 


12.3 

13800 

76-96 

2.18 

2.16 

6, 7 

Dizzy; periodic breathing 

11.8 

15000 

98-115 

2.21 

2.17 

5 


11.3 

16000 

120-139 

2.25 

2.25 

5 

Sick; yawning 

11.3 

16000 

147-177 

2.29 

2.27 

7 

Sick 

11.3 

16000 

262-292 

2.30 

2.29 

7 

Sick 

20.9 

0 

299-320 

2.01 

2.00 

6, 5 


20.9 

0 

0 

2.05 

2.03 

4 


10.9 

17000 

58-120 

2.34 

2.34 

15, 16 


11.3 

16000 

240 

— 

— 

— 

Arterial saturation 74.5 per 

10.9 

17000 

316-333 

2.34 

2.32 

4 

cent 

10.9 

17000 

373-391 

2.38 

2.38 

5 


20.9 

0 

398-405 

2.06 

2.07 

3 



feet). The form of this relation suggests that with still further decrease in 
oxygen tension the threshold might rise much higher. Actually, however, 
this is close to the limiting tolerance of unacclimatized subjects. As Table I 
indicates the present subject experienced serious distress even at these levels 
and probably could not have continued the experiment at still lower oxygen 
pressures. 

Some time after the anoxic threshold had been well established in each of 
these experiments the subject was highly light adapted and his complete dark 
adaptation curve was measured. All thresholds, rod and cone, were found 
to be about equally elevated on a logarithmic scale, i.^., multiplied by an 



Logi/ireshotd-nvtr. ^ g- Log threshold-' m^l 


''Attitude** -f met 


zojooo is,ooo tojooo ' spoo o 



Oxygen - per cent 


. 2. The variation of visual threshold with decrease in oxygen tension or rise in 
ited altitude. Data from Table I. Open circles, right eye; solid circles, left 
Subject P. V. H. 
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TimQ^minuios 

Fig. 3. Descent of the threshold to normal following 5 to 6.5 hours exposure to 
low oxygen tensions. Open circles, right eye; solid circles, left eye. 
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approximately constant factor. The speed of rod and cone dark adaptation 
appears to be entirely unaflFected by anoxia (c/. Bunge; McDonald and Adler; 
McFarland and Forbes). 

At the close of each experiment the subject was returned abruptly to sea 
level atmosphere. The details of the descent of his visual threshold are shown 
in Fig. 3. After exposures of S and 6.5 hours to diminished oxygen tensions 
the threshold returned to its normal level within S to 6 minutes, and without 
incident. 

The changes recorded in these long term experiments agree in magnitude 
with those obtained with the same subject on sudden and short exposure to 
anoxia (Fig. 1 A). The adjustment of central nervous structures to low oxygen 
tensions appears to be a rapid process. Anoxias of several hours duration 
cause changes in the threshold which neither exceed those recorded during the 
first few minutes nor persist longer after the return to room air. 

m 

Acid-Base Imbalance 

The following experiments are concerned with the effects of respiratory acid- 
base imbalance on the threshold. The subjects breathed to the beat of a 
metronome, so far as possible without change in amplitude; and the rate and 
depth of respiration were recorded by pneumograph. Thresholds were meas- 
ured in a 2° field centered 10° below the fixation point, and artificial pupils 
2 mm. in diameter were worn at all times. As in previous experiments the 
subjects were kept completely dark adapted throughout. The results of these 
experiments are shown in Fig. 4 (Subject H.C.G.) and Fig. 5 (Subject H.P.K.). 

On increasing the rate of breathing room air by 50 to 100 per cent the 
threshold fell, usually within 5 to 10 minutes, to about half its normal value 
(Figs. 4 a and 5 a). In 22 experiments with 2 subjects this decrease ranged 
from 0.13 to 0.41 log unit and averaged 0.27 log unit or a decline of 47 per cent. 
On returning abruptly to the normal rate of breathing the threshold rose to 
normal usually within 2 to 3 minutes.^ 

Oxygen tensions of 32 to 36 per cent do not appreciably affect these results 
(Fig. 4 6; Fig. 5 6, c). The hypersensitivity induced by rapid breathing is 
not due therefore to increased oxygenation of the blood. 

It is, however, due to the alkalosis associated with hyperventilation, and 
can be abolished or reversed by adding carbon dioxide to the inspired gases. 
The presence of 2 per cent carbon dioxide in mixtures containing 32 to 36 
per cent oxygen does not affect the threshold when breathed at the normal 

1 Gellhom (1936 a) has reported that rapid breathing raises the threshold for 
brightness discrimination. The relation of these to the present experiments is 
obscure. 
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rate, but completely abolishes the fall in threshold otherwise associated with 
rapid breathing (Fig. 4<;; d; Fig. Sd). When the carbon dioxide content is 
raised to 5 per cent the threshold rises 0.2 to 0.5 log unit at both normal and 
rapid rates of ventilation (Fig. 4e,/; Fig. 5 e,f). 



Fig. 4. Effects on the visual threshold of variations in the rate of breathing and in 
the composition of the inspired gases. Rates of breathing are shown at the top of 
the figure, gas composition to the right of each experiment. In this subject the 
normal uncontrolled rate of breathing in room air was 18 per minute. Open circles, 
right eye; solid circles left eye. 

Re^iratoiy alkalosis and acidosis therefore exert opposed effects upon the 
visual threshold. The former depresses, the latter raises the thrashnlrf in 
about equivalent degree, averaging in the present eiq)eriments about 0.3 log 
unit or a factor of about 2. 



GEORGE WALD, P. V. HARPER, JR., H. C. GOODMAN, AND H. P. KRIEGER 899 


IV 

Anoxia and Acid-Base Imbalance 

These experiments are concerned with the interaction of acid-base imbalance 
and low oxygen tensions upon the visual threshold. The rate and depth of 
breathing were controlled and artificial pupils were worn at all times. 



Fig. S. Effects on the visual threshold of variations in respiratory rate and in the 
composition of the inspired gases. In this subject the uncontrolled rate of breathing 
in room air was 16 per minute. S 3 nnbols as in Fig. 4. 


The reaction to 10 per cent oxygen breathed at the normal rate (16 to 18 
per minute) was essentially like that shown in Fig. 1 A in which the breathing 
had been uncontrolled, but was obtained invariably in the present experiments 
(Figs. 4g and 5 g). The threshold rose in anoxia and fell promptly to normal 
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at its close with no appearance of the individual peculiarities and incidents 
which marked the earlier experiments. 

A particularly interesting situation results when low oxygen is breathed at 
twice the normal rate (Figs. 4 h and S K). Usually the threshold falls at first; 
always it at least fails to rise for several minutes. Finally it always does rise, 
eventually to values above the normal level; though it may remain, as in 
Fig. 4 A, well below the level attained at lower rates of breathing. The effects 
of rapid breathing therefore usually at first predominate over those of simple 
anoxia. After a time some of this advantage is lost. It is very likely that 
further manipulation of the breathing rate might maintain a much more 
effective compensation of anoxia than is evident in the present procedure. 

Breathing rapidly apparently also ameliorates the subjective symptoms of 
anoxia. When 10 per cent oxygen was breathed at the normal rate the sub- 
jects invariably reported such symptoms — “subjective*^ light, difficulty in con- 
centrating, lassitude, and so on. Rapid breathing of the same mixtures 
elicited no comments whatever, except in one instance “feels O.K.** 

The addition of 2 per cent carbon dioxide to mixtures containing 10 per cent 
oxygen, when breathed at the normal rate, contributed no notable differences 
in behavior (Figs. 4 i and 5 i). Mixtures containing 5 per cent carbon dioxide 
and 10 per cent oxygen also produced no extraordinary changes in the threshold 
beyond those occasioned by low oxygen alone (Figs. 4y and Sj ) ; but with these 
mixtures the subject usually was unable to regulate his respiration effectively. 
The pneumograph records showed large increases in the depth of breathing in 
almost all cases; and frequently the subject was unable also to keep the rate 
of breathing down to that set by the metronome. Panting, sweating, and 
general distress usually cut these experiments short. The subjects were unable 
to complete experiments in which either 2 or 5 per cent carbon dioxide in 10 
per cent oxygen was breathed rapidly 

V 

DISCUSSION 

The changes in visual threshold observed in the present experiments are due 
to changes in structures central to the photochemical system of the rods. It 
is not possible to locate them at present with greater precision. They may 
originate at any loci along the visual pathways from rod outer limbs to cortex. 
It is known that nerve cell bodies and synapses in contrast with axones are 
highly sensitive to oxygen want. Recently it has been shown also that in the 

* These procedures should not be confused with experiments in which CO 2 is 
added to the inspired gases without control of breathing (c/. Gellhom, 1936 6). In 

the latter case 2 to 3 per cent CO 2 may aid in compensating the anoxia by stimulating 
the respiration. 
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cat hyperventilation increases the pH of the cerebral cortex and simultaneously 
lowers its threshold for neural or electrical excitation; hypoventilation or any 
other means of decreasing the cortical pH raises the threshold (Dusser de 
Barenne, McCulloch, and Nims, 1937). Lehmann (1937) has made com- 
parable observations on peripheral nerve; in the phrenic nerve of the cat the 
threshold for induction shocks falls linearly as the pH rises from 7.2 to 8.1. 

It is beyond the scope of the present paper to discuss extensively the blood 
and tissue changes which accompany anoxia and changes in respiratory rate. 
It should at least be noted, however, that these stresses do not act independ- 
ently, but are involved in a complex pattern of interrelationships. Anoxia 
usually stimulates rapid breathing, in part due to the acidosis which results 
from incomplete oxidation of metabolic products. Hyperventilation in turn 
tends to compensate initially for anoxia; by raising alveolar oxygen and lower- 
ing alveolar carbon dioxide tensions it promotes the oxygenation of hemoglobin 
in the lungs. Hyperventilation, however, also induces alkalosis which may 
intensify the anoxia in cither of two ways: by inhibiting the discharge of oxy- 
gen from blood to tissues, and by provoking a period of apnea. 

In our initial experiments all these potentialities were permitted free play 
and resulted in a great variety of reaction patterns (Fig. 1). On exposure to 
anoxia the threshold rose or fell; on return to room air it rose, or fell to normal 
or subnormal levels. Simple regulation of the rate and depth of breathing in 
later experiments brought all these phenomena under control. But it may be 
assumed that the latter experiments no less than their forerunners involved 
the continuous interaction of internal changes in both oxygen and hydrion 
concentration. 

These experiments raise a possibilty which should be explored further. 
Since the threshold may vary in either direction in anoxia depending upon the 
breathing pattern, it should be possible to regulate the latter so as to obtain 
virtually no change in threshold, and hence an optimally compensated response. 
It is clear from our observations that subjects left to their own devices do not 
automatically establish optimal behavior. 

In general these experiments support the thesis that the visual threshold 
offers a practicable quantitative index of physiological imbalance. It is more 
sensitive and reliable for this purpose than subjective awareness of distress 
or sensory change; and has the advantage over certain other types of physio- 
logical measurement that it provides an index of net change in the central 
nervous system itself, usually the first to fail in physiological stress (Bar- 
croft, 1934). 

This is probably the principal importance of such measurements. During 
light and dark adaptation the visual threshold varies through a range as 
great as 1:1,000,000. In contrast the variations induced by even extreme 
central nervous imbalance are relatively small. In the present experiments 
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they average about 1 :2. In subjects exposed to about 10 per cent o^gen 
Bunge found the average rise of threshold to be about 3; McFarland and 
Forbes about 4; and McDonald and Adler (1939) about 2.S times. These 
seem to represent the extreme limits of variation which disturbances central 
to the photochemical system can contribute to the visual threshold. 

SUMMARY 

Measurements are reported of the effects of respiratory stresses upon the 
absolute threshold of peripheral (rod) vision. Since subjects were kept wholly 
dark adapted and the photochemical system of the rods therefore stationary, 
the changes recorded may be assumed to have originated more centrally. To 
this degree the measurements provide a quantitative index of central nervous 
imbalance. 

Breathing room air or 32 to 36 per cent oxygen at about double the nor- 
mal rate causes the visual threshold to fall to approximately half the normal 
value within 5 to 10 minutes. 

This change is due primarily to alkalosis induced by the h)rperventilation, 
and can be abolished or reversed by adding carbon dioxide to the inspired mix- 
tures. Normal or rapid breathing of 2 per cent carbon dioxide causes no 
change in threshold; with 5 per cent carbon dioxide the threshold is approxi- 
mately doubled. 

Breathing 10 per cent oxygen at the normal rate also approximately doubles 
the threshold. This effect is compensated in part by rapid breathing. When 
10 per cent oiqrgen is breathed at twice the normal rate the threshold usually 
falls at first, then slowly rises to supernormal levels. 

Due primarily to variations in their breathing patterns subjects yield char- 
acteristically different responses on sudden exposure to low o^gen tensions 
with breathing uncontrolled. The threshold may either rise or fall; and on 
release from anoxia it may rise, or fall to normal or subnormal levels. The 
threshold adjusts to anoxia rapidly; exposures lasting 5 to 6 hours do not 
produce greater or more persistent changes than those of much shorter duration. 
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THE RELATIONS OF TEMPERATURE TO THE POTASSIUM EFFECT 
AND THE BIOELECTRIC POTENTIAL OF VALONIA*t 

By L. R. BLINKS 

{From the Department of Biology y Stanford University) 

(Received for publication, May 11, 1942) 

The influence of temperature upon bioelectric potential has been occa- 
sionally investigated, both to initiate action potentials,'* * and to indicate 
the nature of the controlling mechanisms,®"® e.g, whether simple diffusion 
potentials are adequate to account for the effects, or whether metabolic, 
surface active, or other phenomena are also involved. Before conclusions can 
be drawn from the temperature data alone, it is desirable to combine their 
study with those of other conditions or agents known to be electrically effec- 
tive. In Valonia the two most studied of these are the seawater (NaCl) 
dilution effect* and the potassium concentration effect.^ In the earlier work 
on these, temperature was not experimentally varied, the measurements being 
made over a narrow seasonal range (16-23®). Wider alterations are here 
described, especially upon the potassium effect. (The NaCl dilution effect 
is much less sensitive to temperature.) 

The methods are essentially those of previous studies,®”® the cells being supported 
on glass rings, and impaled from above with fine glass capillaries, sap-filled and leading 
to calomel electrodes via KCl-agar salt bridges. Cells were employed only after good 
healing of the impalement wound had occurred — ^from several days up to several 
weeks after impalement. For the normal sea water effects it was found necessary 
to renew the sea water frequently, since small amounts of KCl diffusing from the 


* Aided by a grant from The Rockefeller Foundation. Grateful acknowledgment 
is made to Mr. R. K. Skow for assistance in some of the experiments under this grant, 
and to the John Simon Guggenheim Memorial Foundation for tenure of a Fellowship 
which permitted further work by the author. 

t Briefly reported as an abstract in Blinks, L. R., Biol. Bull., 1940, 79, 350. 

' Umrath, K., Protoplasma, 1930, 9, 576; 1934, 21, 329. 

2 Hill, S. E., /. Gen. Physiol, 1934-35, 18, 357. 

® For a discussion of the earlier work, sec BSlehr&dek, J., Temperature and living 
matter, Berlin, Bomtraeger, 1935, 113-4, 170, 186-8, 223, 226. 

* Marsh, G., Carnegie Institution of Washington, Pub. No. 475, 1936, 1. 

® Blinks, L. R., and Darsie, M. L., Jr., Proc. Soc. Exp. Biol, and Med., 1937, 35, 522. 

* Damon, E. B., and Osterhout, W. J. V., J. Gen. Physiol, 1929-30, 13, 445. 

^ Damon, E. B., J. Gen. Physiol, 1929-30, 13, 207; 1932-33, 16, 375; 1937-38, 
21, 383. 

® Blinks, L. R., /. Gen. Physiol, 1930-31, 14, 139. 
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external salt bridge can markedly influence the magnitude of the temperature effects, 
as shown below. The measurements were mostly made by an automatic recording 
potentiometer (Micromax) compensating every 3 seconds. Current flow was there- 
fore insignificant, and no appreciably different results were obtained when a vacuum 
tube interstage was used to render the instrument electrostatic. The time curves 
given are usually direct tracings of such Micromax records. In most cases the solu- 
tions were gently stirred with a fine jet of air, which also speeded temperature equili- 
bration. When quick changes of temperature were desired, vials containing the 
sea water or other solutions were brought in advance to the desired temperature, and 
rapidly substituted for the previous vial. In all cases the experimental vials were im- 
mersed in larger vessels, either thermostated or manually adjusted to within 1/2® of 
the indicated temperature during the exposure. A small thermometer projected 
directly into the vial, immediately next the cell. All measurements here reported 
were performed in a darkened room, with generally less than 1 foot-candle of light 
in the vicinity of the cell. The vessels were also usually jacketed with black paper. 

Most of the measurements were performed during the winter months in Florida, 
where the two species V. ventricosa and F. macrophysa yielded essentially similar 
results. V, ventricosa displays on the whole a larger potassium effect which correlates 
with both its larger normal p.d. in sea water ^ and its greater change with temperature. 
Some of the earlier exploratory experiments were performed with F. macrophysa in 
Bermuda, and with cells brought from there, with concordant results. 

Effects of Temperature upon the Normal Potential 

Fig. 1 shows some of the characteristic changes of p.d. of a cell immersed in 
sea water. On cooling the cell from 23® to 13® there is first a slight depression 
of P.D., but this soon recovers and increases well above the warmer value. 
On warming to 25® there is first an increase, but a later fall; cooling to 15® 
repeats the rise at 13®, to even higher values. And again a warming to 25® 
causes an initial slight increase, but a pronounced later fall, which only slpwly 
recovers, not however, to the 15® value. Still greater warming, to 35®, pro- 
duces not only a large initial cusp, but an appreciably higher final level, some- 
times, though not always, as high as at 15®. The exact time curve of these 
effects varies somewhat, as seen in the rest of Fig. 1, but the main points 
remain: essentially, the p.d. is lower in the range around 25® than it is either 
at lower or higher temperatures. The same overall effect is likewise seen in 
Fig. 2, where instead of quick 10® changes, the cells were slowly warmed from 
10® up to 36® in the course of about 2 hours. Here the p.d. rose to higher 
values at the warm end than at the cool, in cell B; but cell A, when cooled 
finally to 8®, showed at least as high a p.d. as at 36®, after an initial drop. 

The difference in behavior of these two cells is characteristic at the lower 
temperatures. Thus while the p.d. is high in the range 10-15®, it often tends 
to fall off sharply below about 8®; when it does, the p.d. often does not recover 
rapidly on warming. This state also coincides with a greatly decreased or 



L. R. BLINKS 


907 


negligible potassium effect (contrary to the response at 10-lS®, as seen 
below). There is quite possibly a change in physical state at the region 
4-8® — ^perhaps a solidification or rupture of the protoplasmic surface — which 
is not readily reversible. (There is also a drop in p.d. following exposure to 
temperatures over 40® C.) Fig. 3 shows a similar experiment, plotted against 
temperature instead of time. The saddle-shaped curve is hardly compatible 




♦lOimn^ Tinae 


Fig. 1 . Time course of p.d. change of impaled Valonia ventricosa in sea water. The 
temperatures were as indicated, changes being made at the arrows by substituting 
new vials already brought to the indicated temperature and ma Intained by water 
jacket. On changing from 23® to 13® there is a slight fall, followed b y a rise; warming 
to 25® produces a rise then a fall, cooling to 15® a rise. Warming to 35® produces a 
sharp increase above 25® however, either as a cusp, or a maintained plateau. The 
curves are actual tracings of a continuous recording potentiometer record (Micromax). 
Time intervals of 10 minutes shown by vertical marks at bottom of records. Or- 
dinates are potential difference across the protoplasm in millivolts, the sign being that 
of the exterior (here negative). 

with either a thermodynamic potential (as at an electrode) or with a process 
closely related to metabolism. (The respiration of Valonia has been investi- 
gated over this temperature range® and shows a regular increase from low to 
high temperature, with a Qio of around 2.) It is therefore desirable to inquire 
whether any other phenomena more closely parallel these p.d. changes, and 
if so, whether these may be responsible for the anomalous temi>erature course 
of the latter. Such parallel and control appear to be at hand in the potassium 
ion effects, next taken up. 


® Unpublished experiments. 
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The Temperature Efect at Various Potassium Concentrations 

The first suggestion that potassium might be implicated in the temperature 
effect came from the observation that occasional cells displayed larger changes 
than those shown in Figs. 1, 2, and 3. This often occurred with cells which 
were exposed after impalement to sea water from a dish where they had 
previously been kept for some time (to avoid osmotic or other changes at the 



Fig. 2. Values of p.d. reached with two cells of F. macrophysa, first warmed steadily 
from 10® to 36® C., then cooled to 8®, as shown on the temperature curve “T.” The 
P.D. of cells A and B both fell on warming to about 15® and remained about constant 
to 25®, above which it again increased. The p.d. of cell A first fell on sudden cooling 
to 8®, but later rose, while that of cell B remained low. Values derived from con- 
tinuous Micromax recordings, switched alternately from cell A to B. p.d. values in 
millivolts at the left for curves A and B ; temperatures at right for curve T. Time in 
minutes. 

time of impalement and healing). Such water often had an increased KCl 
content, due to release of KCl from the vacuoles of other cells which had died 
in the vessel.^® Enhanced temperature effects also occurred with cells when 
salt bridges had been left in the sea water for some time, permitting slow dif- 
fusion of KCl from the agar (see paragraph on methods, above). On renew- 
ing the sea water in both these cases, the temperature effect usually decreased 

Such increased KCl concentration is not injurious to the remaining cells: indeed 
it seems to aid their survival, probably by supplying sufficient potassium for normal 
accumulation, to keep pace with growth or slight evaporation. 
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markedly, although sometimes with characteristic changes due to removal of 
higher potassium concentrations (notably a temporary reversal of f.d. to a 
large positive valued . 

These observations led to controlled exp>erimental changes of the KCl 
content of the sea water, with the results shown in Fig. 4. When the normal 
sea water value of 0.012 if KCl was halved (by adding an equal volume of 



Fig. 3. Values of f.d. reached in another temperature run much like Fig. 2, here 
plotted against the temperature. A saddle-shaped curve, with a minimum between 
15® and 25®, and rising both toward 10® and 35®, results. The drop at the lower end, 
at 4®, is not readily reversible, and is shown by a dotted line. The solid curve repre- 
sents the steady values reached on an increasing, and then a decreasing temperature 
run, as indicated by the arrows. The higher vdue at 35® represents the initial, the 
lower a later steady value (cf. Fig. 1). Values taken from continuous Micromax 
record. 


van’t Hoff artificial sea water made up without KCl), the temperature effect 
was greatly diminished (Fig. 4 o). It was practically abolished in potassium- 
free sea water, but there are complications here due to the tendency for re- 
versal of F.D.; in such a positive state the f.d. is very sensitive to a variety of 
agents, jnrlnHin g temperature, but its time course is extremely unpredictable. 

I ncr eaf^ of KCl concentration, on the other hand, back to 0.012 m restores 
the normal temperature effect, while doubling the sea water value, to 0.024 
M KCl, enhances the response, which becomes greatly exaggerated at 0.1 M 
KCl (Fig. 4 c). Concentrations higher than this give not only a complex 
time eourse themselves^ but also induce an irregular temperature response. 
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with exaggeration of the initial cusps, but no great alteration of permanent 
level. This is consistent with an “alterative” effect of these higher concen- 
trations, found by Damon,^ and probably occurring even at lower concentra- 
tions, though witi subsequent recovery. (See Discussion.) 

NH4CI is even more effective in these respects than is KCl; sufficient am- 
monia can enter the sea water from tobacco smoke in the room to increase the 
effects of temperature (as well as of light*). Dilution of the NaCl and other 



Fig. 4. The influence of KCl concentration on the temperature effect. The cell 
of V . vetaricosa was changed from sea water (containing 0.012 m KCl) to half this value, 
0.006 u KCl, at the first arrow. Very little change of p.d. thereafter occurred either 
on warming to 35* or cooling to IS*. On restoration to normal sea water (S.W.) the 
normal temperature effect is regained (c/. Fig. 1); and on increasing the KCl content 
to 0.024 M and 0.1 u respectively in the next two panels, the temperature effect is 
correspondingly increased. Tracings of continuous Micromax records, the time 
marks being 10 minutes apart. 


salts of the sea water (by isotonic glycerol) does not, however, greatly alter 
the temperature effect, provided the KCl concentration is kept constant by 
proper additions. 

Influence of Temperature on the Potassium Effect 

It seems hardly possible that KCl alters in strictly proportional foahi^n 
some other process controlling the p.d. so that it still seems best to ascribe 
its effects to its high diffusion potential in the protoplasmic surface, as was 
assumed by Damon and by Osterbout. The time curves show characteris- 
tically an increased negativity when KCl concentrations are incT P flSfd ^ due 
to the high relative mobility of K+, compared to the Cl" (and of course to 
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Na+). For the higher KCl concentrations, this ordinarily takes the form of 
an initial sharp cusp, followed by a depression, and a later rise of negativity. 
Damon has interpreted such curves as due to an advancing wave of KCl which 



Fig. 5. Influence of temperature upon the magnitude and time course of the potas- 
sium effect in V. venlricosa. In (a) the arrow indicates the substitution of sea water 
containing 0.1 m KCl for normal sea water at the three temperatures 15®, 25°, and 35° 
C., with later return to sea water (S.W.). The p.d. is driven some 40 mv. more nega- 
tive at 15° with a smooth-topped, regular time course; at 25° there is an initial cusp 
of about this size, but an abrupt fall, with later slow recovery. At 35° the cusp is 
considerably larger, the fall less, and the recovery faster. Essentially similar time 
courses at the three temperatures are found (b) for the doubling of KCl from 0.012 
u in sea water to 0.024 m; also for substitution of potassium-free sea water (“ -K”), 
and the return to normal sea water (c). p.d. across the protoplasm in miUivolts; 
time intervals 10 minutes apart. 

first establishes a diffusion potential across the outer surface {X), later abol- 
ishes this as its concentration builds up inside that surface, and finally produces 
a new negativity as it arrives at the inner surface (F). These curves are 
dupUcated in V. veniricosa^ at the normal laboratory temperatures, being most 
cusped at 0.1 m KCl or higher, but showing at least rudimentary cusps with a 
slight fall and later rise even when the sea water value was doubled from 
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0.012 M to 0.024 M KCl (Fig. 5). This is generally true at 25®, although some- 
times repeated later exposures give a flatter topped curve than the first, as 
seen in several cases in Figs. 5 and 6. A definite control is exercised by tem- 
perature upon the shape and magnitude of these time courses. Cooling to 
IS® generally gives perfectly regular, smooth curves, soon reaching a constant 
value, with scarcely an indication of cusp or later rise, even at 0.1 m KCl. 
This constant value may be 50 to 100 per cent higher than the average in- 




Fig. 6. Time courses of p.d. change when the sea water potassium level (0.012 m 
KCl) is doubled to 0.024 m, at the three temperatures 15®, 25®, and 35® C. The flat- 
topped response of some 14 mv. at IS® gives way to a smaller, slightly cusped response 
at 25®, and to a larger, often cusped response at 35®. p.d. across the protoplasm in 
millivolts; time intervals, 10 minutes apart. Changes of temperature indicated by 
the vertical dotted lines, of solutions by the arrows. 

crease at 25®. However, at 35®, coinciding with the increased p.d. in sea 
water, the potassium effect is again increased, even over that at 15®. The 
time course is usually cusped, but not as markedly as at 25®, both the initial 
and final values being much higher, with a smaller depression between. (Re- 
peated exposures may entirely smooth out these curves also, but their mag- 
nitude remains much greater than at 25®, as seen in several instances in Figs. 
5 and 6.) 

To a considerable degree, the same differences obtain when the potassium 
concentration is decreased, as for example when potassium-free sea water is 
substituted for normal sea water, as in Fig. 5 c. The p.d. change is greater 
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both at 35® and at IS® than at 25®, and the magnitude of the change closely 
parallels the p.d. value in sea water. (The tendency to reversal of p.d. at 
35® is evident in Fig. 5 c, with potassium-free sea water.) 

DISCUSSION 

The close parallel at the different temperatures studied between the mag- 
nitude of the normal p.d., and of its increase by KCl, suggests that the two 
may have the same basis. Indeed, the practical abolition of both the p.d. 
itself, and of any temperature effect upon it at very low potassium concen- 
trations, raises the question whether any other potential except that due to 
the external KCl concentration contributes toward the total p.d. across the 
protoplasm of Valonia. It is, of course, possible that the high KCl content 
of the sap sets up a large potential across the vacuolar surface of the proto- 
plasm, which is in turn closely balanced by some other potential (perhaps due 
to organic ions of the protoplasm^^). It has not yet proved possible to per- 
fuse the vacuole of Valonia with new solutions, such as sea water, to determine 
the response of the vacuolar surface to potassium salts, but such experiments 
with Halicystis^^ suggest that the vacuolar surface is practically indifferent 
to them. If so, it is perhaps not surprising that the p.d. of Valonia is very 
slightly influenced by temperature when there is only 0.006 M KCl in the sea 
water — there may then be no other potential present to be altered. (Possibly 
two balanced potentials are being altered by temperature in exactly equal 
and opposite degree, but if so, this would still leave the external potassium 
concentration effect as the experimentally controlling factor.) 

The simplest hypothesis is that a change in the mobilities of the ions K+ 
and Cl“ occurs in the protoplasmic surface, over the temperature range stud- 
ied. The values of the initial cusps suggest that this does indeed change 
somewhat. But mostly it is the succeeding time course that differs; and 
here we may have several possible hypotheses to choose between: 

(a) We may use the simple picture advanced by Damon^ to account for the 
cusped time courses, namely an advancing concentration wave of KCl. Thus 
we may say that at 15® KCl enters very slowly, so that the original gradient 
is well maintained across the outer surface (X), hence the potential is steady. 
At 25® sufficient KCl enters to decrease the gradient across X fairly soon, 
hence the cusp, but the wave reaches the inner surface (F) only slowly, hence 
sets up a second potential there only slowly and incompletely. At 35®, 
however, although there is rapid entrance across X, the wave also reaches Y 
very soon, and reestablishes a potential there. This attractive picture suffers 

Blinks, L. R., Cold Spring Harbor symposia on quantitative biology, Cold 
Spring Harbor, Long Island Biological Association, 1940, 8, 204. 
w Blinks, L. R., /. Gen, Physiol, 1934r-35, 18, 409. 
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from the uncertainty as to whether there actually is any potassium effect at 
F, as discussed above. 

(J) We may invoke instead, “alterations’’ in the outer protoplasmic surface, 
induced by the potassium itself. There is considerable evidence® pointing to 
this as the cause of the depression following the initial cusp, for if one changes 
solutions, either back to sea water or up to higher KCl values, at the depth 
of this depression, the p.d. change is greatly diminished, instead of being merely 
displaced downward around a new and lower position, which would be expected 



Fig. 7. An extreme case of the influence of temperature upon the potassium effect 
(F. macrophysa in this case). While good stepwise increments were obtained with 
the increases of KCl shown at 10® (upper curve), only temporary cusps were given by 
the same cell when similarly exposed at 20® (lower curve), the p.d. falling after the 
cusps to an almost constant base line. At 30-35® more rapid recovery tends to 
ensue after these cusps in such a series, p.d. in millivolts; time marks 10 minutes 
apart. Note drop on warming at first (dotted) arrow of lower curve. 

in scheme (a). There is a real loss, partial or complete, of the potassium 
effect during the trough; it recovers rapidly if sea water is restored, or more 
slowly if the KCl remains. The cause of this “alteration” by potassium itself 
is not clear,, but it is conditioned among other things by the pH of the sea 
water, being almost entirely abolished at high pH.® Clearly, temperature also 
conditions it, for there is no trough, and no corresponding loss of potassium 
effect at IS®; while it becomes prominent at 25®. The situation at 35® is 
then interesting: what causes the very slight trough and final very large 
potassium effect? Apparently the higher temperature greatly speeds up the 
spontaneous recovery from the alteration, which occurs more slowly and in- 
completely at 25®. This may well be some metabolic response to the altered 
pH due to the entrance of KOH; it may even cause the curve after recovery to 
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rise higher than at 15°. Fig. 7 shows a striking example of these alterations 
at 20°, which were prevented at 10°. The picture for pH is very similar to 
this and will be reported elsewhere. 

(c) A third pK)ssibility involves the accumulatory mechanism, which car- 
ries the entering potassium over across V into the vacuole. This is clearly 
conditioned by metabolism, and might therefore be exp)ected to have a high 
temperature coefficient. We may assume that (as in a) little KCl moves 
across X at 15°, so that the original gradient is maintained, hence a high 
P.D. At 25°, however, considerably more KCl enters X, but is not very rapidly 
moved out of the protoplasm across V to the sap by the accumulatory mecha- 
nism. At 35°, finally, despite a large entrance across X, the accumulatory 
mechanism is very active, and keeps the protoplasm well depleted of the 
entering potassium, hence the p.d. is high. There is evidence that in Niiella 
radioactive potassium does enter the protoplasm readily (across X), but only 
slowly accumulates in the sap.^® The entrance is also rhythmic, some- 
what like the later rises and falls of the KCl time curves in Valonia. The 
behavior of radioactive potassium in the protoplasm of Valonia at different 
temperatures would be interesting to study in connection with the bioelectric 
curves. 

Choice between (a), (6), and (c) is difficult, but the author inclines toward 
(6) (‘‘alteration”) as having the most experimental proof at the moment. 
By permitting a temporary approach or equality of mobility for K+ and Cl~, 
this could govern the effects described, although the other possibilities (a) 
and (c) cannot yet be dismissed. 

It is evident that (Jb) might account for the temperature effects in ordinary 
sea water since the p.d. in the steady state after “recovery” would vary in the 
manner observed. In (a), however, any change in the required direction might 
be only temporary and the steady state after “recovery” would not be predict- 
able without additional assumptions. In (a) and (c) it would be necessary 
to assume that in ordinary sea water there is enough inward movement of 
K*^, due to growth, to account for the observed effects. 

These considerations emphasize again the remarkable lability of the proto- 
plasmic surface, which Osterhout has demonstrated with a variety of chemical 
agents in Valonia and other plant cells.^^ Temperature, in influencing the 
alteration of the surface by potassium itself, is therefore but another agent in 
producing this “Osterhout effect.”^* 

Brooks, S. C., J. Cell, and Comp. Physiol.^ 1939, 14, 383. 

Osterhout, W. J. V., /. Gen. Physiol., 1936-37, 20, 13, 685; 1940-41, 24, 31 1, 699; 
J, Cell, and Comp. Physiol., 1941, 18, 129. 

1® The large positive p.d. of Halicyslis, which has its probable origin in the organic 
salts of the protoplasm, ^ is only slightly influenced by temperature.® If, however, 
the KCl content of the sea water is increased, the temjjerature effects aye con- 
siderably enhanced. 11 The mechanism is probably that of (b) described above, and 
will be discussed at length in another paper. 
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SUMMARY 

The effect of temperature upon the bioelectric potential across the proto- 
plasm of impaled Vedanta cells is described. Over the ordinary tolerated 
range, the p.d. is lowest around 2S®C., rising both toward IS® and 35®. The 
time curves are characteristic also. The magnitude of the temperature effect 
can be controlled by changing the KCl content of the sea water (normally 
0.012 m): the magnitude is greatly reduced at 0.006 m KCl, enhanced at 0.024 
M, and greatly exaggerated at 0.1 m KCl. 

Conversely, temperature controls the magnitude of the potassium effect, 
which is smallest at 25®, with a cusped time course. It is increased, with a 
smoothly rising course, at IS®, and considerably enhanced, with only a small 
cusp, at 35®. A temporary ^ ^alterations’ of the protoplasmic surface by the 
potassium is suggested to account for the time courses. This alteration does 
not occur at 15®; the protoplasm recovers only slowly and incompletely at 
25®, but rapidly at 35®, in such fashion as to make the p.d. more negative than 
at 15®. This would account for the temperature effects observed in ordinary 
sea water. 
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